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ABSTRACT
Study I (exp 1, 2, and 3) assessed the use o f alkanes for estimating diet composition 
and intake in lambs. In exp 1, 36 lambs at 30% and 45% o f projected m ature sizes 
were used in a factorial design with 2 breeds (Suffolk and Scottish Blackface), two 
sexes (male and female) and three feed treatments [pelleted lucerne (M edicago 
sativa) or pelleted ryegrass (Lolium  spp) alone or both as a choice] to compare 
alkane-derived estimates o f dry matter intake (DMI) and selected diet with direct 
measurements. In exp 2, to assess diurnal variation in n-alkane concentration in the 
gut, 6  restricted and 6  a d  libitum  fed lambs at 45% mature size were used in a split- 
plot design to compare the ratios o f the amount o f dotriacontane (C 32) to 
tritriacontane (C33) in the faeces collected at 4 hourly intervals over a 24 hour period. 
In exp 3, to evaluate the efficacy o f dosing once-daily (cf. twice-daily) with C32 , 6  
once-daily and 6  twice-daily dosed lambs were used in a split-plot design to compare 
faecal alkane ratios o f C33 to C32 - Exp 1 suggested general agreement between 
measured quantities and those estimated using the alkane technique However, at 30% 
mature size, for the lambs fed on grass only, dry matter intake was slightly 
overestimated and for those fed on lucerne and grass as a choice, dry m atter intake o f 
lucerne was underestimated. Exp 2 indicated that the ratio o f the concentration o f 
C3 3 :C32 in the faeces was not affected by sampling time and thus no diurnal variation 
irrespective o f whether the lambs were restricted or a d  libitum  fed. Experiment 3 
suggested no difference in the ratios o f the concentrations o f C3 3 :C32 between the two 
dosing strategies until the fifth day o f  dosing. Study II used the alkane pair o f  C36 and 
C35 to compare the voluntary dry matter intake o f  Brachiaria decumbens by 8  dry
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cows, averaging 301 kg liveweight and 8  lactating Criollo cows, averaging 320 kg 
liveweight during the wet season and 8  lactating cows averaging 300 kg liveweight 
and 7dry cows, averaging 289 kg liveweight during the dry season o f  Bolivia. 
Results suggested that this alkane pair can be used to estimate the dry matter o f 
intake o f tropical forages, but if the concentrations o f C35 are very low the accuracy 
o f  the estimate may be compromised. Studies III and IV sought to validate a 
conceptual model which proposed the involvement o f buoyancy and size in the rate 
o f passage o f particulate digesta from the rumen. Study III used 4 ruminally 
cannulated Scotttish Blackface wethers, fed on pelleted grass a d  libitum  and on 
bailed hay a d  libitum , in a cross-over design to investigate the rates o f  passage 
[expressed as mean retention time in the rumination turnover pool (M RTi), in rumen 
escape pool (M RT2) and in the whole digestive tract (M RTt)] o f  n-alkane-coated 
fibre particles o f  two sizes (large and small) and two densities (dense and buoyant), 
in a factorial fashion, in the gastrointestinal tract. The small particle pool had a 
shorter (¿><0.001) MRTi and MRTt  than the large particle pool. In addition, there 
was a diet and particle size interaction (p<0.005) for M RTi, suggesting that the 
difference in MRTi between the two particle pools was more pronounced when the 
sheep were fed on hay. There was no difference in M RT2 between the large and small 
particle pools. There was a diet and particle size interaction (¿><0.001) in M RT2- large 
particles were held 5 h longer than small particles when the sheep were fed on hay, 
compared to 2 h when they were fed on pelleted grass. There was no difference in 
MRTi between the buoyant and non-buoyant particle pools and no dietary influence 
on the MRTi o f the particles. There was a particle size and buoyancy interaction 
(¿><0.05) such that large particles o f the dense fraction had a 5 h longer M RTi than
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smaller ones whereas large particles o f the buoyant pool were retained 1.5 h longer 
than small ones. The non-buoyant pool remained in the tract 4.7 h longer (p<0.001) 
than the buoyant pool. Study IV used four sizes o f a tropical cattle breed, Criollo and 
one size o f  a mature Criollo X Holstein cross in a split-plot design to compare the 
rates o f passage o f  the same fibre particles used in Study III in the digestive tracts o f 
cattle. Across all cattle groups the large particles had longer MRTj than small 
particles. For all but one group MRT2 for small particles were shorter than those for 
large particles. For MRTt , the large particles were retained for over 8.5 h longer 
(p<0.001) than the small particles. There was no effect o f buoyancy on M RTi and 
M RT2 , but non-buoyant particles displayed a 2 h longer (p<0.05) M RTt  than the 
buoyant ones. There was no apparent effect o f animal size or genotype. The 4 studies 
showed that n-alkanes could be successfully used to estimate DMI, diet selection and 
solid digesta passage rates in sheep and cattle. Studies III and IV suggested the 
involvement o f buoyancy and size in particulate digesta retention in or passage out o f 




Grazing animals can vary the composition and thus the quality o f their diet by 
selecting certain plant parts and plant species that may differ substantially in 
nutritional value, making the composition o f selected herbage as important as the 
amount consumed when quantitatively evaluating the nutritional status o f grazing 
animals. However, both dry matter intake and diet selection are difficult to measure 
for animals at pasture. The cuticular wax o f plants contain many compounds 
including various alcohols, diketones and hydrocarbons, which in recent years with 
the improvement o f chromatographic separation techniques, have been finding more 
use in taxonomic studies (Dove and Mayes, 1991). O f particular importance, 
especially in nutritional studies, have been the saturated hydrocarbons, alkanes 
because o f  their widespread nature among plants and their relative ease to analyse by 
gas chromatography. In most plant species long chain alkanes, ranging from 
pentacosane (C25) to pentatriacontane (C35), are present with the odd-chain ones 
predominating. The alkane profiles o f plants usually vary from species to species and 
even from one plant part to another. There may also be within species differences in 
alkane content that are due to stage o f maturity, cultivar, environment, seed origin 
and plant individuality, but these differences are usually smaller than between 
species differences (Dove and Mayes, 1991). The differences in the alkane profiles 
o f different species have been exploited to resolve herbage mixtures into proportions 
o f component species (Dove, 1992).
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The most commonly used method o f estimating dry matter intake, which uses 
chromium oxide as a faecal output marker and in vitro digestibility estimates does 
not take into account animal individuality (Chen et al., 1999; Gedir and Hudson, 
2000). Digestibility occurring in the animals whose intake is being estimated can be 
different from the in vitro estimates due to differences in the intake levels o f the test 
animals and the animals used to derive the in vitro calibrations (Dove et al., 2000). 
Therefore estimates derived by using this method inherently have a certain degree of 
error about them that does not fully address individual differences, which can be due 
to differences in physiological status o f the animals.
Estimation o f intake from quantifying ingestive behavioural attributes like bite rate, 
bite weight and grazing time may provide good herbage intake data at the time of 
observation, but it often does not give accurate intake information outside the times 
during which the behavioural characteristics were observed (Moore and 
Sollenberger, 1997). Other methods like the estimation o f intake from herbage mass 
disappearance are even more erroneous and labour intensive and are more applicable 
to intake estimates o f groups o f animals (Moore and Sollenberger, 1997).
Likewise most methods to estimate the composition o f the diet selected by grazing 
animals, particularly after chewing, are either laborious or yield unsatisfactory 
estimates. For instance using microscopy for separating oesophageal fistula extrusa 
into component species is tedious and difficult (Dove and Mayes, 1991). Pinitol, 
because it is found in legumes and not in grasses, has been used as a chemical marker
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to estimate the legume content o f herbage consumed by steers grazing a grass and 
legume sward and yielded results which underestimated the proportion o f legumes in 
the diet because some o f it seemed to leach out by saliva (Forwood et al., 1987).
Although alkanes have found uses in other areas o f nutritional studies like intake 
estimation and rates o f passage determination, their most valuable application is in 
the estimation the botanical composition o f the diet o f individual grazing animals 
because o f the inadequacy o f other methods (Dove and Mayes, 1991). Unlike the 
collection and separation o f oesophageal fistula extrusa, which provides botanical 
composition data about the fistulated animal (but not necessarily other animals) over 
a short period, the alkane method, gives the botanical com position o f each animal 
over a long period o f time. The method determines diet composition by matching the 
patterns o f alkane concentrations in the faeces, after correcting for losses in the gut, 
with those o f individual plant species o f the diet (Dove and Mayes, 1996).
Intake estimation involves dosing animals with a known amount o f an even-chain 
alkane that is similar in recovery rate to another odd-chain alkane naturally found in 
the forage (McMeniman, 1997; Dove and Mayes, 1996). If  dry matter intake and diet 
selection are both investigated in the same study, intake determination requires no 
additional analyses to that done for diet selection, except the dosing o f the even- 
chain alkane and establishment o f the amount o f the even-chain that is delivered 
daily. However, cyclic variations o f dosed even-chain n-alkanes, which could 
compromise the accuracy o f the technique have been reported (Dove and Mayes., 
1991, Dillon and Stakelum, 1990). Also, the commonly used method of
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administering alkanes to animals is by dosing twice daily with either paper pellets or 
gelatin capsules, yet dosing once daily would have the advantage o f reduced animal 
handling, but can cause variation with time in the concentration o f the dosed alkane 
(Dove and Mayes, 1991).
Alkanes can also be used as markers to investigate the passage o f solid digesta down 
the gastrointestinal tract o f ruminants (Dove and Mayes, 1991). It would appear as if 
the natural alkanes because o f their association with solid digesta would be the most 
appropriate, but the means o f dosing and monitoring would be difficult because they 
are naturally part o f the herbage (Dove and Mayes, 1991). Radioactive labelling is an 
option (Dove and Mayes, 1991), but health risks and access to analytical equipment 
would be disadvantageous. Even-chain alkanes can be easily attached to forages and 
their affinity for solid digesta shows a potential for their use as markers for 
investigating the rate o f passage o f solid material through the gut (Mayes et al. 
unpublished data). Another advantage o f using alkanes as markers is that several 
types are available and therefore several particle pools can be marked, dosed and 
their passage rates monitored at the same time. However, it is not known whether 
addition o f n-alkanes to forage particles would interfere with the degradation o f  the 
forage to which they were attached when used in moderate amounts.
The broad objective o f this research was to evaluate the use o f alkanes as markers in 
intake, diet selection and solid digesta passage rates. The research was divided into 
two intake research initiatives, studies I and II and two rates o f passage research 
initiatives, studies III and IV. The objectives o f study I, which comprise three
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experiments, were to evaluate the feasibility o f alkanes as markers for estimating dry 
matter intake and diet selection by ruminants given diet mixtures (experiment 1 ), to 
assess the consequences o f diurnal variation in alkane concentration in the gut on the 
accuracy o f the n-alkane technique in estimating dry matter intake (experiment 2 ) 
and to test the efficacy o f dosing once daily, as opposed to twice daily, with an even- 
chain alkane (experiment 3). Study II used the alkane pair o f C36 and C 35 to compare 
the voluntary dry matter intake o f Brachiaria decumbens by dry and lactating cows 
during the wet season and dry and lactating cows during the dry season o f Bolivia.
Studies III and IV sought to validate a conceptual model which proposed the 
involvement o f buoyancy and size in the rate o f passage o f particulate digesta from 
the rumen. To that end study III was conducted to investigate (i) the effects of 
addition o f n-alkanes on fermentation characteristics o f forage particles, and (ii) the 
rates o f passage o f n-alkane-coated fibre particles o f two sizes and two densities in 
the gastrointestinal tract o f sheep. Study IV was conducted to compare 1) the passage 
rates o f fibre particles o f two sizes and two densities in the gastrointestinal tracts of 
four sizes o f a tropical cattle breed, Criollo and the rates o f passage o f  the same fibre 
particles in the mature tropical breed against a similarly sized Criollo X Holstein 




Literature review  
Intake and particulate rates o f passage
The amount o f feed consumed by an animal is one o f the most important variables 
which influence its performance. Consequently, much research effort has been 
devoted to improving understanding o f the mechanisms o f intake modulation in order 
to more accurately predict it. Accurate determination and prediction o f intake are 
useful for the formulation o f rations to achieve specific animal responses (Bums et 
al., 1994). Determination o f dry matter intake integrates factors such as plant 
chemical and physical properties and animal physiological processes. However, the 
mechanisms by which these plant and animal factors inter-relate to regulate intake 
are complex and have not been clearly delineated (Forbes, 1995). Several 
physiological factors have been suggested to control voluntary dry matter intake and 
these include hypothalamic temperature, blood glucose concentration, body fat stores 
and plasma amino acid levels (Forbes, 1995; 1986). Leng et al. (1993) stated the 
importance o f the balance o f volatile fatty acids and amino acid requirements relative 
to total volatile fatty acids energy available in intake regulation. Physical distension 
in the gastrointestinal tract, especially the reticulorumen, due to fill has also been 
postulated to limit intake, but the physiological status o f  the animal may affect its fill 
capacity (Allen, 1996; Forbes, 1995).
Under most modem feeding practices the intake o f high quality forages and 
concentrate feeds is generally high enough to meet most production requirements
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(Burns, 1994); in such cases intake is more likely to be limited by physiological 
factors than by stomach distension (Illius and Jessop, 1996). The amounts o f poor 
quality forages eaten by ruminants even under ad libitum  feeding conditions are 
often insufficient to support the level o f production o f which animals are capable 
(Forbes, 1993). This low intake may be a result o f restricted flow o f forage digesta 
through the gastrointestinal tract, which may cause distension o f one or more 
segments o f the gut (Allen, 1996). In such circumstances the amount o f dry matter 
consumed by a ruminant during a meal is influenced by the rate o f clearance from the 
rumen o f previously ingested food (Forbes, 1986). Rumen clearance occurs by 
solubilization o f soluble material, degradation o f degradable material and passage o f 
the less digestible residues from the reticulorumen into the omasum (Van Soest, 
1988; Kennedy and Doyle, 1993). The rate o f degradation o f plant cell wall by 
rumen microbes is influenced by the supply o f nutrients from ingested food or from 
endogenous recycling into the rumen (W ilson and Kennedy, 1996). The rate is 
depressed if  the supply o f nutrients is suboptimal for microbial requirements. 
Microbial activity is also lowered by a low ratio o f external surface area per volume 
o f feed particles, which impedes their access to cell wall carbohydrates before 
colonization and subsequent degradation (W ilson and Kennedy, 1996).
The rate o f passage o f particles from the rumen depends on the efficiency o f  their 
comminution into small particles, mostly by ruminative chewing, which is influenced 
by the physical properties o f the particles (Murphy and Kennedy, 1993). The 
physical characteristics o f forage digesta then determine not only the efficiency at 
which they are digested, but also the speed at which undigested residues pass along
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the gut. Thus a clear elucidation o f the kinetics o f digestion o f forages o f different 
physical and chemical characteristics in the digestive tract, and the physiological 
factors that modulate them will benefit efforts to predict and enhance the intake o f 
forages by animals.
Digesta particle size
Several investigations have revealed that digesta particles have to be reduced to a 
small size to increase not only their probability o f escape out o f the reticulorumen, 
but also their rate o f passage to the post-ruminal tract (King and Moore, 1957; Poppi 
et al., 1980). For instance, Ewing and Smith (1917) investigated passage rates o f 
food particles in a steer fed on mixed rations o f different cottonseed meal, silage and 
starch proportions and, after slaughtering the steer, observed that larger or coarser 
food particles required longer time for passage through the gut o f  the animal than 
finer particles. Also, Welch (1967) found that when indigestible polypropylene fibres 
7 cm long were placed in the rumen o f hay-fed sheep they were recovered in the 
faeces finely ground whereas 90 % o f 30 cm long fibres remained unchanged in the 
rumen after 28 days. In a study to compare digesta particle size distribution in the 
reticulorumen, omasum and abomasum of sheep fed two alfalfa hay varieties and 
four grass hays, Troelsen and Campbell (1968) found a higher proportion o f coarse 
particles in the reticulorumen than in the other compartments.
Such findings suggested that digesta particles have to be broken down to some 
threshold size o f fineness before passing from the reticulorumen and led to the 
concept o f a critical size suggested by Poppi et al. (1980). It divides digesta particles
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in the rumen into small particles which can escape from the rumen and large particles 
which cannot. This size has been proposed to be approximately 1 mm for both sheep 
and cattle (Evans et ah, 1973; Poppi et al., 1980), but Kennedy and Poppi (1984) 
later suggested a limiting size o f 3-4 mm for cattle. Van Soest et al. (1988), arguing 
against the idea o f a constant limiting size, stated that a higher limit was observed 
when pelleted feeds were given and when intake was increased. In addition, the 
proportion o f large particles in the reticulorumen o f cows fed at several levels of 
restricted intake was found to increase with higher levels o f intake (Okine and 
Mathison, 1991a). However, Faichney (1993), in agreement with the 1 mm  and 3 
mm critical size proposals for sheep and cattle respectively, argued that the critical 
size o f particles for passage from the rumen is relatively unaffected by grinding and 
pelleting feed or by level o f feed intake. The suggestion that the critical size 
increases when intake increases was based on observed increase in faecal mean 
particle size, an observation which offers limited information on critical size 
(Faichney, 1993). Although there maybe disagreement over the constancy o f the 
limiting size, reducing digesta particle size does not only speed their passage rate, but 
it also increases their rate o f fermentation in the digestive tract as a result o f an 
increase in surface to mass ratio for microbial attack (Gerson et al., 1988). 
Furthermore, in their review o f physical and chemical variables influencing particle 
passage, Ehle and Stem (1984) stated that larger particles promote slower passage 
and do not allow as great a nutrient intake as smaller particles.
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Particle size discrimination
Because the average size o f digesta particles in the rumen was observed to be larger 
than that o f digesta taken from post-ruminal sites (Poppi et ah, 1980), the reticulo- 
omasal orifice was proposed to be the part responsible for prevention o f  passage o f 
particles larger than the critical size (Welch, 1982). Welch and Smith (1978), not 
convinced o f the proposed passage limiting role o f the reticulo-omasal orifice, 
carried out an experiment, using polypropylene ribbons o f varying lengths, to 
determine the particle size necessary for passage from the rumen o f sheep and cattle 
without additional breakdown by rumination. They observed that polypropylene 
ribbons 2  cm long passed through the reticulo-omasal orifice o f cattle fed 2  kg o f 
concentrate per day and hay ad libitum, albeit in smaller quantities than 1.5, 1.0 and 
0.5 cm lengths. Similarly, ribbons 1 cm in length passed through the reticulo-omasal 
orifice o f sheep, but in smaller amounts than shorter lengths (0.25 and 0.5 cm). 
Furthermore, in an endoscopic study o f digesta transfer from the reticulorumen to the 
omasum o f a cow fed long alfalfa (Medicago sativa) hay, M cBride et al. (1984) 
observed particles as large as 1 0  mm to freely go through the reticulo-om asal orifice, 
but were seldom in a rumen location which predisposes them to delivery to the 
orifice. They therefore postulated that the screening process o f digesta for passage 
out o f the rumen took place somewhere else in the reticulorumen, not at the orifice, 
although the omasum may return large particles to the reticulum or reduce their size 
before onward passage.
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Evans et al. (1973), after observing changes in the physical characteristics o f the 
digesta in the reticulorumen o f cows fed pasture hay once daily, reported that small 
and dense particles are found in highest concentrations in the cranial and ventral sacs 
o f the rumen. Sutherland (1988) used sheep fed chaffed lucerne (.Medicago sativa) 
hay to examine how the forestomachs o f ruminants achieves preferential retention o f 
large particles while small particles pass to the postruminal tract. He confirmed the 
observation made by Evans et al. (1973) that particles in the ventral region o f the 
rumen were generally small and enjoyed preferential passage through the reticulo- 
omasal orifice and proposed that there is a floating raft in the dorsal rumen, which 
functions as a discriminating mechanism with high selectivity for large particles. It 
therefore follows that the particulate digesta which are presented to the orifice for 
passage must first be processed into small particles and occupy a ventral location in 
the rumen, since it is particles from this region that are pushed through the orifice. 
However, there is a possibility o f another sorting mechanism in the omasum where 
large particles are selectively retained and returned to the reticulum as was observed 
by McBride et al. (1984) in the cow fed long alfalfa (.Medicago sativa) hay and by 
Waghorn et al. (1986) in sheep fed chaffed lucerne (Medicago sativa).
Particle comminution
Large particle breakdown involves interactions among feeds, microbes and the host 
animal, but, according to McLeod and Minson (1988), it largely occurs by ingestive 
and ruminative chewing, with microbial action and detrition contributing 
insignificantly. However, Wilson and Kennedy (1996) in their review o f plant and
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animal characteristics associated with fibre breakdown argued that, depending on 
forage species, premaceration digestion in the rumen may increase the fragility of 
some plants, with plant parts affected differently. Also, plant characteristics and form 
o f presentation exert an influence on the ease, extent and pattern o f breakdown of 
particles by comminution processes (W ilson and Kennedy, 1996). The influence of 
forage type on chewing time was studied by M inson (1990) who wrote that it took 
sheep longer to chew tropical than temperate grasses. Chewing time increases with 
forage maturity (Weston, 1985) and generally leaf fractions are chewed less than 
stem fractions (M cLeod and Smith, 1989), but ruminative chewing is normally about 
8  or 9 h per day and increasing the load o f indigestible fibre does not increase 
rumination appreciably beyond that duration (Welch, 1982). Chopping forages to a 
short length generally reduces chewing time (Weston, 1985; Kennedy, 1995). 
Highlighting the importance o f plant characteristics in particle kinetics, W eston and 
Kennedy (1984) concluded that even though the probability o f passage o f  particles 
from the reticulo-rumen is inversely proportional to their size, the passage rates of 
particles o f comparable size but from different plants may vary. Particle 
comminution through chewing and rumination affects passage rates from the rumen 
not only by reducing particles to an optimum size for passage, but also by increasing 




Although digesta particles have to be reduced in size to be able to flow out o f the 
reticulorumen into the post-ruminal tract, particle reduction does not guarantee 
passage through the reticulo-omasal orifice. Welch (1982) reported that more than 
half the dry matter in the rumen o f experimental cows could pass a 600 micrometer 
sieve, but could not be cleared from the rumen o f the cows. Data from several other 
experiments (Evans et ah, 1973; Poppi et al., 1981) suggested that most o f the 
particulate matter in the reticulorumen was smaller than the reticulo-omasal orifice 
and that the reticulo-omasal orifice seemed large enough to accommodate particles 
larger than the ones found in the faeces o f ruminants (Kennedy and Doyle, 1993; 
McBride et al., 1984). Thus, there is another characteristic by which particles are 
sorted in the reticulorumen for onward flow.
Specific gravity appeared to be another physical characteristic that determines the 
behaviour o f particles in the digestive tract when King and Moore (1957) observed 
that plastic particles o f density 1 . 2  g/ml had the most rapid passage rate through the 
gastrointestinal tracts o f cows fed about 2  kg o f grain daily and mixed hay ad  
libitum. Data presented by desBordes and Welch (1984) also suggested that plastic 
particles o f specific gravity 1.17 passed fastest through the digestive tract o f cows 
fed mixed grass hay twice daily. Murphy et al. (1989) used a four-pool model study 
incorporating passage o f ruminated and nonruminated particles from the reticulo­
rumen, post-ruminal passage, rate o f chewing and lag times to compare passage and
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rumination o f inert particles varying in length and specific gravity. Particles of 
specific gravity o f 1.34 had the fastest passage rates from the reticulorumen of 
swamp buffaloes and cattle given a diet predominantly o f rice (Oryza sativa) straw 
ad libitum. Kaske and Engelhardt (1990) detected that plastic particles with densities 
1.22-1.44 g/ml had the shortest retention time in the gastrointestinal tract o f sheep 
maintained on a diet o f medium quality hay given ad libitum. However, a recent 
study (Kennedy, 1995) could not establish a connection between the specific gravity 
o f particles, measured as particle sedimentation rate (Sutherland, 1988), in the 
reticulum and their probability o f passage to the post-ruminal tract o f swamp 
buffaloes and cattle fed mainly on rice straw.
Rumen stratification
It has been found that specific gravity o f rumen digesta varies according to rumen 
site and time o f sampling after eating; for instance, Evans et al. (1973) found that 
soon after feeding the dorsal contained larger and lighter particles than the ventral 
rumen o f nonlactating Friesland cows fed pasture hay. Sutherland (1988) observed 
no significant difference in particle size or density between the contents o f the 
anterior and posterior rumen o f sheep. However, the dorsal rumen was found to be 
occupied by a floating raft o f large and buoyant particles while the ventral rumen 
contained small and dense particles. Initially upon ingestion forages, except grain, 
are coarse and buoyant because o f air spaces within their tissue structure, but this 
buoyancy may be lost with time spent in the rumen owing to hydration and the 
buoyancy will again be temporarily restored after microbial colonization and
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digestion because o f  the production o f microbial fermentation gases (Kennedy and 
Doyle, 1993). These findings lent support to earlier proposals that rumen digesta are 
stratified according to particle size and buoyancy (Evans, 1973; Faichney, 1986). 
This stratification is most pronounced just after feeding as newly-ingested digesta 
have not been fully hydrated and comminuted by rumination and digestion (W ilson 
and Kennedy, 1996), processes which increase particle density (Hooper and Welch,
1985).
The raft in the rumen is kept afloat by fermentation gases which are released as a 
result o f microbial attack within the plant material (Sutherland, 1988). It may 
entangle some large particles, especially those o f rough-surfaced tropical grasses 
(Wilson et al., 1989) and some small particles that would otherwise pass freely to the 
post-ruminal tract (Faichney, 1986). W elch (1982), having found no evidence o f 
particle entrapment in ingesta mass limiting presentation o f small particles to the 
reticulo-omasal orifice, investigated other mechanisms that may be involved in 
particle discrimination. He found that 0.5 cm long flat ribbons passed more rapidly 
and the recovery o f their nonruminated fraction greater than that o f cylinders o f the 
same length, which suggested the possible involvement o f  shape in particle 
discrimination mechanisms.
The raft has been postulated to be actively involved in one o f two mechanisms 
sorting rumen particles for onward passage to the post-ruminal tract (Sutherland. 
1988). Both mechanisms work on the difference in buoyancy between large and
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small particles. The first, which involves the dorsal raft, supposes that large particles, 
because o f their buoyancy, tend to form a floating raft. Small particles, because of 
their tendency to sediment, are propelled into the reticulum with the more fluid 
ventral rumen contents. The second sorting mechanism, which is said to take place in 
the reticulum, selectively filters large buoyant particles (which may have escaped 
rumen sorting) for retention in the reticulum and delivers small sedimenting particles 
to the reticulo-omasal orifice. However, a more recent study by Kennedy (1995) 
could not detect an obvious dorsal raft o f large and buoyant particulate matter in the 
rumen o f cattle and buffaloes; instead large particles from the dorsal rumen 
sedimented faster than those from the ventral rumen.
Rumination
Specific gravity seems to play a role in the selection o f digesta particles for 
rumination. desBordes and Welch (1984) suggested that plastic particles o f specific 
gravity 1.17 were not only preferentially ruminated, but were also eliminated fastest 
from the rumen o f steers because after rumination they were deposited to a site 
which predisposes them to quick passage. Murphy et al. (1989) argued that 
maximum rumination rates occurred at a lower specific gravity than did maximum 
passage rate o f plastic particles through the digestive tracts o f buffaloes. The average 
particle size o f digesta decreases but specific gravity increases with time, due to 
rumination and digestion (Evans et al., 1973). In some instances, however, passage 
o f small particles resulting from ruminative and digestive breakdown may be slower 
than that o f the larger particles from which they originated (Van Soest et al., 1988;
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Smith et al., 1983), which suggests specific gravity as a passage limiting factor. 
Wilson and Kennedy (1996) argue that, because o f evidence o f  entrapment of 
particles within the dorsal raft, it is unclear whether passage rate is limited more by 
the time it takes to comminute particles or by the time it takes small particles from 
the rumen. Such findings serve as a reminder that particle comminution is not the 
only physical requirement for unhindered passage from the rumen even though 
particles have to be reduced to go through the reticulo-omasal orifice.
Dietary factors
Rate o f passage and thus digestibility is affected by dietary factors. Dietary factors 
include intake level, type and physical form (Faichney, 1993).
Passage rate and digestibility
Rate o f passage o f food influences the digestibility o f that food; a fast rate lowers 
digestibility (W eston and Kennedy, 1984). Varga and Hoover (1983) tested in situ 
rate and extent o f NDF degradation o f two diets o f similar chemical composition but 
different in fill (low and high). The rate and extent o f NDF degraded in 24 hours was 
0.024 per hour and 43% versus 0.074 per hour and 58% for the high and low fill 
diets. Shriver et al. (1986) used a continuous culture in vitro digestibility system to 
compare neutral detergent fibre and fat-free organic matter digestibility o f a diet o f 
35% hay and 65% concentrate held for varying periods (to mimic different solid 
retention times). Their results led them to conclude that the rate o f flow o f digesta
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may exert a significant negative effect on nutrient digestibility in the rumen only at 
very short retention times with only a slight effect at very moderate to long solid 
retention times.
Intake
Level o f feeding, method o f preparation and type o f food have an influence on the 
rate o f passage o f food through the digestive tract (Leaver et al., 1969). Depressions 
in digestibility o f  a low forage diet o f 32% forage and 6 8 % concentrate and a high 
forage diet o f 83% forage and 17% concentrate given to dairy cattle fed at 
maintenance and ad libitum  were measured by Colucci et al. (1982). Average dry 
matter digestibilities o f the low forage and the high forage diets at maintenance were 
74.73 and 68.59%; these decreased to 68.42 and 65.38% for the cows fed ad libitum. 
Retention times in the digestive tract for forage and concentrates decreased as level 
o f intake increased, but within both diet and intake forage moved slower than 
concentrate in both the reticulorumen and the lower tract. These results were similar 
to those earlier obtained by Leaver et al. (1969) who reported a decline in crude fibre 
digestibility with an increase in intake o f diets containing ratios o f 1:1 and 1:4 hay to 
concentrate fed to castrated male sheep. The increase in the level o f feeding caused a 
decrease in the mean retention time o f hay particles stained with brilliant green. 
Although the retention time o f markers in the digestive tract o f sheep fed Lucerne 
chaff decreased by approximately 50% as their allowances increased from 400 to 
1300 g per day, the apparent organic matter digestibility disproportionately decreased 
from 0.657 to 0.631 (Grovum and Williams, 1977).
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Several studies have investigated the effects o f intake on rumen turnover and particle 
distribution. For instance Colucci et al. (1984) compared the relationships among 
level o f intake, rate o f passage o f digesta and proportions o f forage to concentrate in 
the diet between sheep and cattle. For all diets cows at high levels o f  intake digested 
less organic matter and had faster liquid turnover rates than sheep, but the passage 
rates o f particulate matter were similar in both species. Doubling intake o f a high 
concentrate did not affect rumen volume in both species but rumen flow rates were 
doubled and this caused a doubling in the rate o f passage o f only fluid. Deswysen 
and Ellis (1988) evaluated the site and extent o f neutral detergent fibre digestion, 
efficiency o f ruminal digesta flux and faecal output as related to variations in 
voluntary intake and chewing behaviour in heifers. Their results suggested that 
heifers with higher voluntary intake had greater efficiency o f chewing, flux o f NDF 
through the reticulo-omasal orifice and less potentially digestible NDF digestion in 
their forestomach with compensatory greater potentially digestible NDF digestion in 
their large intestine. In addition, the efficiency o f digesta flow per reticular 
contraction increased at high intake levels.
Okine and M athison (1991) further investigated how changes in attributes o f reticular 
contractions were related to changes in passage o f digesta from the reticulorumen o f 
cattle fed a forage-based diet at maintenance level and three levels above 
maintenance. Their results suggested that the flow o f neutral detergent fibre from the 
reticulorumen with increasing dry matter intake were related prim arily to the
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duration and amplitude, and not frequency, o f reticular contractions. Therefore 
changes in duration and amplitude o f reticular contractions were more important 
determinants o f digesta passage from the reticulorumen than frequency. However, 
Dado and Allen (1995) observed an increase in the number o f reticular contractions 
as the fractional passage rate o f NDF from the rumen increased in dairy cows 
receiving a high fibre diet and rumen inert bulk, to compensate for increased rumen 
fill and to maintain intake.
The effects o f feeding level on faecal particle size and ruminal particle distribution is 
variable. Bae et al. (1981) fed hay at four levels o f intake to dairy cows. Their results 
suggested that increasing level o f feeding had no effect on the size o f digesta 
particles in the reticulorumen and faeces. W aghorn et al. (1986) also reported that 
there was no significant change in abomasal particle weight distribution in sheep 
when their allowance o f chopped alfalfa hay was increased from 700 to 1020 g/day. 
However, Luginbuhl (1990) found that increasing level o f intake resulted in a linear 
increases in rumen upper strata and faecal particle sizes in their investigation o f 
changes in ruminal and faecal particle weight distribution o f steers fed coastal 
bermudagrass (Cynodon dactylon) hay at four intake levels. An increase in the size 
o f particles in the dorsal sac with an increase in intake was suggested by the results 
o f Evans et al. (1973) to monitor changes in some physical characteristics o f the 
digesta in the reticulorumen o f cows fed three levels o f pasture hay once daily.
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Processing
Voluntary intake o f poor quality forages seems to be reduced by the length o f time 
the digestive tract takes to clear them, but chopping or grinding and pelleting may 
improve their intake (Allen, 1996), provided nutrient deficiencies do not limit intake 
(Minson, 1982). For instance, de Vega et al. (2000) investigated the effects o f the 
form o f feeding o f lucerne hay and its feeding frequency on voluntary intake, 
digestibility, feeding behaviour and marker kinetics in ewes. Grinding and pelleting 
resulted in higher intake and a reduction in dry matter digestibility. Processing 
forages by chopping or grinding causes an increase in intake and fill o f digesta in the 
reticulorumen but the resulting increased energy intakes may not be completely 
available to the animal because decreased retention time o f digesta may reduce 
energy digestibility (W eston and Kennedy, 1984). Blaxter et al. (1956) compared the 
digestibilities and retention times o f dried grass in the long form, the same grass 
medium-ground (in a hammer mill through .25 inch sieve) and cubed and finely 
ground (twice through a .00625 inch sieve) and cubed in the digestive tracts o f sheep 
fed at different levels o f intake. The results indicated that the cubes o f  dried grass 
passed through the digestive tract more quickly and had a lower digestibility than the 
long material. Increasing feeding level resulted in an increase in the passage o f  food 
and a fall in its digestibility. These results led them to the conclusion that the method 
o f preparation modified the rate o f passage o f through the gut and that this rate was 
the determinant o f its digestibility. This conclusion was later corroborated by Tetlow 
and Wilkins (1974) who observed a faster rate o f passage o f ground compared to 
chopped tall fescue (Festuca arundinacea) and perennial ryegrass (Lolium perenne) 
in the digestive tracts o f sheep. By contrast Faichney (1983) found that grinding and
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pelleting o f lucerne (Medicago saliva) hay increased the mean retention times of 
solutes and o f particle associated marker in the rumen o f sheep.
Plant structure
Plant structural characteristics exert an influence on its behaviour in the gut and 
therefore impact on its passage rate and digestibility (W ilson et al., 1989). Laredo 
and M inson (1975) investigated the effect o f grinding and pelleting and chopping on 
the voluntary intake and digestibility o f leaf and stem fractions o f three grasses 
offered to wethers. Voluntary intake o f chopped leaf was 34% higher than that of 
chopped stem but their digestibilities did not differ significantly. Chopped leaf was 
also retained almost 6  h shorter than chopped stem. Grinding and pelleting increased 
the voluntary intake o f the leaf fraction by 8 8 % and the stem fraction by 60%. The 
conclusions drawn from the study that the higher intake o f the leaf fraction was 
attributable to its shorter retention time in the reticulorumen and that it was the 
physical more than the chemical characteristics that determined the different rates o f 
passage.
However, there is evidence that the rates o f passage and thus digestibilities o f plant 
species are influenced by their structural organisation, including their chemical 
characteristics (Wilson, 1993). For instance, Baumont et al. (1990) compared the 
alimentary behaviour o f alfalfa (Medicago sativa) and orchardgrass (Dactylis 
glomerata) hays in sheep and observed a much higher voluntary intake o f alfalfa than
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orchard grass (1757 versus 1099 g/day). Jung and Allen (1995) attribute the higher 
intake for alfalfa to a lower filling effect o f alfalfa neutral detergent fibre because of 
its faster degradation and passage from the rumen than grass. Similarly, Campling et 
al. (1961), comparing the consumption o f hay and straw by cows and its residence 
time in the alimentary tract, found that the intake o f hay was more than twice that of 
straw and attributed that to the longer retention time o f straw in the digestive tract. 
Wilson et al. (1989) compared particle size reduction o f the leaves o f a tropical grass, 
green panic (Panicum maximum) and Italian ryegrass (Lolium multiflorum ) due to 
chewing during eating and to varying times o f digestion by cattle. Results suggested 
that ryegrass was more digestible than green panic from within 6  h o f digestion up to 
96 h. After 3 weeks o f the digestibility o f ryegrass was still higher than that o f green 
panic but the proportion o f cell wall that was ultimately undigested was the same for 
both grasses.
Physiological factors
The movement o f digesta in the digestive tract is also modulated by animal factors 
and these include animal response to lactational, gestational and climatic changes, 
which may increase or decrease their rate o f passage.
Pregnancy and lactation
Voluntary dry matter intake by ruminants decreases during late pregnancy (Forbes,
1986). Pond et al. (1984) investigated the rate o f passage o f chromium mordanted
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fibre and Co-EDTA in the gastrointestinal tract o f pre- and postpartum ewes fed 
Coastal bermudagrass (Cynodon dactylori) pellets ad libitum. They reported mean 
residence time reductions o f 3.5 h for liquid and 6  h for solid digesta fractions 
postpartum compared to prepartum. Their results suggested that although the 
increase in passage rates could be attributed to increased intake postpartum, another 
mechanism could have contributed to the difference. The effects o f  early and mid 
pregnancy o f  sheep on the passage o f a mixture o f chopped lucerne (Medicago 
sativa) hay and wheaten chaff given at four levels o f feeding were determined by 
Graham and Williams (1962). Similar to the results o f Pond et al. (1984), the mean 
retention time o f solid digesta increased as pregnancy advanced, by 1 to 1.5 h per 
100 g increase o f concepta. Intake had a positive relationship with digesta flow rate, 
but these researchers also entertained the idea o f a possible change o f metabolism 
during pregnancy, which could cause an increase in the rate o f flow o f digesta.
Weston (1988) studied passage rates at a constant rate o f intake (1100 g/day) o f a 1:1 
mixture o f chopped lucerne {Medicago sativa) and wheaten hays in pregnant sheep 
bearing twin or single foetuses and in ewes suckling a single lamb during early 
lactation. Both late pregnancy and early lactation caused an increase in the passage 
rates in the gastrointestinal tract with a reduction in organic matter digestion, but the 
effects o f late pregnancy were more pronounced. The ewes with twins showed 
similar passage rates as the ewes with singles. Ehle et al. (1984) observed a quadratic 
rumen turnover rate as lactation progressed from dairy cows fed at least 25% grain 
and different amounts o f alfalfa and bromegrass (Bromus inermis) haylage ad
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libitum. They also found a poor correlation between intake levels and rumen turnover 
rates, suggesting the involvement o f another mechanism for regulation o f rumen 
turnover rates in lactating cows, besides level o f feed intake.
Climate
Climatic factors seem to affect intake and thus digesta passage rates and digestibility. 
For example, Kennedy et al. (1976) found cold exposure to reduce mean retention 
times and dry matter digestibility o f pelleted bromegrass (Bromus spp.) in the 
reticulorumen o f shorn sheep. Warren et al. (1974) compared digestibility and 
ingesta passage in cows fed alfalfa {Medicago sativa), tall fescue (Festuca 
arundinacea) and orchardgrass (Dactylis glomerata) under 18 °C and 32 °C ambient 
temperatures. Results suggested that digestible dry matter intake, water intake and 
mean retention time increased as temperature increased. There was however no 
relationship between voluntary dry forage intake and mean retention time and the 
authors concluded that other factors like gut fill may be more limiting than mean 
retention time in relation to forage intake.
Use of markers
The most commonly used methods for measuring passage rates involves 
administration o f indirect markers (Faichney, 1993). Criteria for the ideal marker 
have been suggested and include inertness, noninterference with the digestive or 
physiological processes, physical similarity to or intimate association with the
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fraction to be marked, recoverability and easy quantification (Kotb and Luckey, 
1972; Faichney, 1993). However, none o f the markers in use today meets all the 
desirable characteristics (Dove and Mayes, 1991). Markers may be divided into 
internal and external indicators (Van Soest, 1982).
Internal markers
Internal markers like lignin, chromogens and faecal nitrogen may be useful as 
digestibility markers, but they are not suitable for passage rate studies (Van Soest, 
1994). Although chromogens are relatively inabsorbable and not utilized by rumen 
microbes, they are degraded into substances with different properties to the original 
(Van Soest, 1994). The recovery o f faecal nitrogen is variable because o f the 
contribution o f bacterial nitrogen, which can cause measurement errors (Van Soest, 
1982). Lignin has been extensively used as a marker in digestibility studies, but 
microbial activities in the rumen and lower gut may degrade it or alter it, making 
quantification difficult (Fahey and Jung, 1983). Analytical techniques also differ in 
their estimation o f plant lignin content (Fahey and Jung, 1983). Isotopic labelling o f 
plant cell walls can provide a good method o f measuring passage rates because if 
done properly the labelled material has the same characteristics as the diet (Van 
Soest, 1994). Their wide use is hampered by the need to grow the labelled plant in a 




Feed stained with dye may be an ideal marker in that its physical and chemical 
characteristics are not much different from those o f the particulate fraction o f the diet 
but their quantification is difficult due to incomplete recovery (Van Soest, 1988; 
Uden et al., 1980). Incomplete recovery may be due to digestion and can lead to 
inaccurate estimation o f passage rates. Disintegration o f stained particles as a result 
o f rumination and digestion magnify the problem o f incomplete recovery because 
they increase the amount o f fines which may not be identifiable and counted (Uden 
et al., 1980). This method may hold promise if  quantification can be improved.
Plastic particles have been use to provide information about rumination (desBordes 
and Welch, 1984) and selective retention o f particles o f different characteristics 
(Kaske and Engelhardt, 1990). They can be manufactured to different colour, size, 
shape and density requirements (Welch, 1990). Their quantification is relatively 
simple and does not require sophisticated, expensive equipment but it is labour 
intensive (Welch, 1990). However, because plastic particles do not undergo the same 
changes like hydration and specific gravity increase that occur in feed particles in the 
gut, data obtained from their use cannot provide absolute rates about feed particles 
(Uden et al., 1980). The same disadvantages are true o f various other similar markers 
like rubber pieces, glass beads and ball bearings.
Heavy metal ions such as those o f Cr and rare earth elements have been attached to 
fibre particles and used as solid digesta markers (Uden et al, 1980). Cr forms stable 
plant cell wall and protein complexes that are stable in in vitro digestion processes
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(Uden et al., 1980). Because o f the tightness o f its attachment, Cr reduces the 
digestibility and increases the density o f the material it is intended to label (Ehle, 
1984; Van Soest, 1988). Rare earths, although variable in degree o f  attachment, can 
reduce digestibility and estimates o f passage rates obtained through their use may be 
influenced by the method o f attachment (Mader, 1984). Another problem with rare 
earth metals is that their wide reactivity with proteins and carbohydrates could result 
in the formation o f insoluble complexes likely to move independently o f the feed 
particles they were intended to mark (Van Soest, 1988).
One o f the commonest methods o f estimating intake o f grazing animals makes use o f 
digestibility and faecal output relationship (McMeniman, 1997). Digestibility can be 
estimated using several indirect methods, including internal markers like chromogen, 
fibre and methoxyl. Faecal output can be determined by total faecal collection, but 
this method is not commonly used because it is cumbersome for the collector and 
may interfere with normal grazing behaviour. Indigestible markers used to estimate 
faecal output, instead o f total faecal collection. Although a number o f  substances 
have been used as indigestible markers for faecal output estimation, the most 
commonly used is chromic oxide dosed manually daily in fixed quantities or by 
using controlled release devices (Chen et al., 1999; McMeniman, 1997). However, 
intake estimates derived by using this method have a certain degree o f  inaccuracy 
because they do not take into account individual differences in digestibility due to 
physiological status or even constitutions as they use one digestibility estimate for all 
animals (Dove and Mayes, 1991). The alkane technique does not suffer from this
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problem and seems to be an improvement over chromic oxide and digestibility 
method.
Estimation o f  digestibility
Estimation o f digestibility is difficult because o f  the difficulty o f obtaining a 
digestibility estimate that is representative o f  the test animals because it is almost 
impossible to obtain a representative sample o f  what animals eat. The use o f 
oesophageal fistulated animals tries to address the problem o f obtaining feed samples 
that are representative o f  what is consumed by test animals. However, extrusa 
samples represent only what the fistulated animals consumed during the 
observational period and do not necessarily represent the diet selected by the test 
animals over a long period o f  time (Mayes and Dove, 200). The most widely used 
method is the two-stage method described by Tilley and Terry (1963) or its 
derivatives. In addition to not accommodating digestibility as a function o f intake dry 
matter amount, this method derives digestibility estimates that are used for all test 
animals and as such does not cater for individuality in digestibility. Also, the 
calibration animals may not be in the same physiological status as the test animals.
As an improvement over the traditional methods many components o f  plants have 
been explore for use as internal markers for digestibility, including those discussed 
above, but most have not been satisfactory. Odd-chain alkanes which are also 
components o f plant cuticular wax are used as internal markers for estimating 
digestibility, together with a dosed even-chain alkane that is used as a faecal output 
marker to unbiased estimates o f intake, if  the two alkanes have the same recovery 




The nutrient supply to grazing animals is determined by the quantity and 
composition o f ingested forage. However, these variables are difficult to measure 
particularly for animals grazing mixed species swards. Historical methods for 
estimating the species composition o f consumed herbage are either laborious or 
imprecise in distinguishing between species in an herbage mixture (Dove and Mayes, 
1991). Since their first use as markers for estimating herbage intake by grazing 
animals in the mid 1980s, n-alkanes, which are saturated hydrocarbons found in the 
cuticular wax o f  most plants, have been used to quantify the species composition o f 
herbage mixtures.
Dove (1992), Newman et al. (1995) and Mayes et al. (1994) have presented n- 
alkane-based methods o f estimating the composition o f a consumed diet, which are 
essentially mathematical derivations o f the best match between the n-alkane 
concentrations in the diets on offer and the faeces, corrected for losses in the gut 
(Hameleers and Mayes, 1998). In addition, if  the grazing animals are dosed with 
known quantities o f another n-alkane, usually an even-chain n-alkane, used as an 
external marker, the concentrations o f n-alkanes in the herbage and faeces o f the 
dosed animals can also be used to estimate dry matter intake without additional 
chemical analyses (Dove and Mayes, 1996). However, cyclic variations o f dosed 
even-chain n-alkanes, which could compromise the accuracy o f  the technique have 
been reported (Dove and Mayes, 1991, Dillon and Stakelum, 1990). Also, the most
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widely used method o f administering alkanes to animals is by dosing twice daily 
with either paper pellets or gelatin capsules, yet dosing once daily would have the 
advantage o f  reduced animal handling, but it can cause variation with time in the 
concentration o f the dosed alkane (Dove and Mayes, 1991). These sources of 
variation can affect the accuracy o f the alkane methodology in estimating the diet 
composition and amount o f the herbage consumed by grazing animals.
This study was thus designed to assess under controlled conditions the consequences 
o f possible sources o f error on the accuracy o f the n-alkane technique in estimating 
the composition and dry matter intake by animals given diet mixtures. Three 
experiments were conducted to investigate the following possible sources o f error: 
consequences o f amount o f food eaten as a function o f animal mature size, diurnal 
variation in n-alkane concentration in the gut and whether this variation is influenced 
by food allowance {ad libitum  or restricted feeding), dosing once daily versus twice 
daily.
The experiments were as follows:
Experiment lw as designed to compare the estimates derived from n-alkane 
concentrations in herbage and in the faeces o f lambs at 30 and 45% o f projected 
mature weights with direct measurements of:
a) grass dry matter intake when pelleted grass was offered alone.
b) lucerne dry matter intake when pelleted lucerne was offered alone.
31
c) the proportion and dry matter intake o f lucerne and grass in selected diet 
when pelleted grass and pelleted lucerne were offered together as a choice.
Experiment 2 sought to investigate the diurnal pattern o f excretion o f  the faecal n- 
alkane ratios o f tritriacontane (C33) to dotriacontane (C32) over a 24 h period when 
lambs are fed ad libitum  or a restricted amount o f feed and dosed twice daily with 
dotriacontane (C32.).
Experiment 3 sought to compare faecal alkane ratios o f tritriacontane (C33) to 
dotriacontane (C32) between lambs dosed once daily and twice daily with 
dotriacontane (C32).
Materials and methods
The study was carried out indoors at the Scottish Agricultural College Research 
Farm, Bush Estate, Edinburgh. The three experiments were carried out between early 
June and late July 1998.
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Experiment 1
This experiment was carried out in two phases: the first phase began in early June 
when, on average, the lambs had reached 30% of their estimated mature weight and 
the second phase began in late July when, on average, they had reached 45% of their 
estimated mature weight. Following weaning at 20% mature weight and a two-week 
adjustment period, the lambs were individually penned on slatted floors until they 
had reached 30% o f their estimated mature weight for the start o f phase 1 o f  the trial. 
In each phase 36 lambs were used in a factorial design with 2 breeds [Suffolk (S) and 
Scottish Blackface (B)], two sexes (male and female) and three feed treatments 
[pelleted lucerne (Medicago sativa) or pelleted ryegrass (Lolium  spp) alone or both 
as a choice]. Each treatment was replicated three times. Mean weights for the lambs 
used in phase one were 30kg for S females and 39kg for S males, and 21kg for B 
females and 28kg for B females. Mean weights for the lambs used in phase two were 
48kg for S females and 59kg for S males, and 37kg for B females and 44kg for B 
females.
For direct measurement, a pre-weighed amount o f food sufficient to last one week 
was prepared for each lamb and placed in a reservoir. A sufficient amount was 
offered from the reservoir twice daily at 08h30 and 15h30 to ensure its ad libitum  
availability through the day and night. Refusals were removed from each pen weekly 
and weighed. For the n-alkane method, each lamb was dosed over a 12-day period 
twice daily at 08:00 and 16:00 with O.lg o f n-dotriacontane (C32) impregnated into a 
small cellulocotton filter. From day eight faecal grab samples were collected twice
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daily at 08:00 and 16:00 for five days from each lamb. The samples were oven dried 
at 60° C for 48 hours and then ground. For each lamb, the two faecal samples from 
each day were bulked and an aliquot extracted as described by Mayes et al. (1986), 
with the modifications that duplicate 0.5g samples were directly heated in ethanolic 
potassium hydroxide and 7ml o f heptane were used as the solvent.
Duplicate lg  samples from each o f the two diets were extracted the same way as 
faeces except that about 50% more solvent and water than in faecal extraction were 
used. The final eluates were injected onto a capillary column (HP.5 Crosslinked 
Phenyl Methyl Silicone, 50m x 0.32mm x 0.17pm) in a model HP6890 gas 
chromatograph fitted with a flame ionization detector and linked to a PC run by an 
HP Chemstation software. The oven temperature programme was initially 65°C and 
then rose to 300°C at 10°C/min where it was held for 20 min. The temperatures of 
the injection and detector ports were 325°C and 350°C, respectively. The flow rate o f 
the carrier gas (N2) was 33.4ml/min. and that o f the makeup gas (N2) was 24ml/min. 
The ratio o f  the peak areas o f the analysed n-alkanes to that o f the internal standard 
(C34) was used to calculate n-alkane amounts in the samples. Identification o f the 
different n-alkanes was made based on the relative retention times o f known 
standards.
Several cellulocotton filters from the batch that was used for dosing the lambs were 
extracted to determine the average amount that was adsorbed onto each filter. The 
method involved slicing three pellets and boiling them for lh  under reflux in 1 0 0 ml 
o f heptane after adding lOOmg of internal standard (C34), (Mayes unpublished
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protocol). After partial cooling to about 60°C an aliquot was taken and analysed by 
gas chromatography the same way as the faecal and feed samples.
For the lambs fed on grass or lucerne alone, dry matter intakes were estimated from 
the concentrations o f n-alkanes (C32 and C33) in the faeces and the consumed feed 
according to the method described by Mayes et al. (1986). For the lambs offered 
lucerne and grass as a choice, several different estimates o f the proportion o f lucerne 
in the selected diet derived by a least-squares method similar to that described in 
Newman et al. (1995) were compared against the observed proportion o f lucerne. 
The different estimates were derived by using four (C27, C29 , C31 and C33), and 
different combinations o f three or two alkanes, with the recovery rates published by 
Mayes et al. (1986) and by using four and two alkanes (C31 and C33) with the 
recovery rates adopted from Dillon and Stakelum (1990) in the least squares 
programme. (Figure 6 ). In all cases the least-squares solutions were constrained to 
non-negative values. The recovery rates reported by Mayes et al. (1986) were 0.713, 
0.745, 0.854 and 0.891 for C27, C29, C31 and C33, respectively and those o f Dillon 
(1993) cited by Hameleers and Mayes (1998) were 0.753, 0.767, 0.826 and 0.838 for 
C27, C29 , C31 and C33, respectively. The combination o f the two alkanes, C31 and C 33 
used with the Mayes et al. (1986) recovery rates gave the closest estimates to the 
observed lucerne proportions and these estimates were therefore adopted and used in 
subsequent calculations. The total DMI o f lucerne and grass by the lambs were 
calculated by adapting the Mayes et al. (1986) formula to use diet n-alkanes 
weighted according to the diet proportion estimates derived from the least-squares 
solutions as follows:
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Total DMI= ( F c 3 3 * D c 3 2 /T c 32)
{ ( P l * L c 33+ P g * G c 3 3 ) - [F c 33 + ( P l * L c 3 2 + P g ’1' G c 3 2 ) /F c 32]}
where Fc33, Lc33 and Gc33 are concentrations (mg/g DM) o f C33 in the faeces, lucerne 
and grass; Fc32, Lc32 and Gc32 are concentrations o f C32 in the faeces, lucerne and 
grass; Dc32 is the daily dose o f C32; P l  and P g  are the proportions o f lucerne and 
grass derived from the least squares method. The amount o f lucerne or grass eaten is 
then derived by subtracting the relevant proportional amount (based on the least 
squares solution) from the total amount o f the consumed diet.
For all the treatments the estimated and the observed mean daily dry matter intakes 
o f lucerne and/or grass for each lamb were compared by regressing the estimated on 
the observed to test the reliability o f estimates at both stages o f maturity. Linear 
regressions o f the estimated on the observed proportions o f lucerne in the diet at both 
stages o f maturity were also compared. The expectation from the fits o f the linear 
regression o f the estimated on the observed intake (or diet proportion) values was 
that the intercept would be 0  and the slope 1 if  the n-alkane method accurately 
estimated the observed scenarios. All the linear regressions were performed using the 
Minitab statistical package (1993).
Experiment 2
One week before dosing, six male Suffolk lambs at 45% mature size were each given 
a daily allowance o f 1030 g o f pelleted grass. One lamb did not consume all its daily
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allotment so that over the experimental period it consumed on average about 750 g 
per day. The aim o f the feeding restriction was to ensure that the daily feed 
allowance was eaten in 1-2 hours. These lambs were dosed as described in 
experiment 1. Faecal samples were also collected as described in experiment 1, 
except that on the third day o f the faecal collection period, a faecal sample was 
obtained from each lamb at 4 hourly intervals over a 24 hour period. In addition, 
faecal samples were collected from 6  Suffolk lambs on the ad libitum  grass diet also 
at 45% mature size (from experiment 1) at the same intervals and on the same day as 
for those lambs on restricted feeding. Samples were oven dried and ground as 
described in experiment 1 , but each sample was analysed individually (as opposed to 
bulking the daily samples as in experiment 1). The ratios o f the amount of 
dotriacontane (C32) to tritriacontane (C33) in the faeces o f the restricted and ad 
libitum  fed lambs were compared over the 24 hour when sampling was done at 4 
hourly intervals. The collected data were repeated measures and did not satisfy the 
requirements for compound symmetry and were analysed as a split-plot after 
applying a Greenhouse-Geisser correction factor (Rao, 1998), with animals as the 
main plots and sampling times as the subplots using Genstat statistical package 
(1998).
Experiment 3
At 45% mature size, six Suffolk male lambs, three offered pelleted grass ad libitum  
and three offered pelleted lucerne ad libitum  were given 2 x O.lg o f dotriacontane 
once in the morning (08:00) from the beginning to the end o f the dosing period. 
Faecal samples were collected in the same way as described in experiment 1, except
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that the two samples collected in the morning and afternoon were bulked after drying 
and milling to make a daily composite sample for each animal. Additional samples 
from six Suffolk lambs that were dosed in the morning and afternoon (experiment 1) 
were also bulked in the same way to make daily composite samples. The composite 
samples were oven dried and ground as described in experiment 1 , but each 
composite sample was analysed individually. The ratios o f the amounts o f 
dotriacontane (C32) to tritriacontane (C33) in the faeces o f the lambs that were dosed 
once daily and twice daily were compared. Because the experimental data were 
repeated measures and did not satisfy the requirements for compound symmetry, 
they were analysed as a split-plot after applying a Greenhouse-Geisser correction 
factor (Rao, 1998), with the number o f  dosings as the main plots and sampling times 
as the subplots using Genstat statistical package (1998).
Table 1. Concentrations (mg/g DM) o f odd-chain n-alkanes in the diets
Diet Alkanes
C27 C29 C31 C33
Lucerne 0.0328 0.1289 0.2645 0.0174
Ryegrass 0.0334 0.1729 0.2164 0.0674
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Results
The concentrations o f the odd-chain n-alkanes o f  the diets used in this study are 
presented in Table 1. The concentrations o f C27 , C29 and C31 o f the ryegrass were 
about 50 percent higher than those reported by Hameleers and M ayes (1998) but 
similar to those reported by Newman et al. (1995). The concentration o f C33 was 
much lower than those found by either o f the above studies. The concentrations o f all 
the n-alkanes in the lucerne were different to those obtained by Dove (1992). There 
were 1.5 times more C27 and C29 found in this study than in Dove's (1992). C31 and 
C33 concentrations were more than 2 times higher in this study.
Experiment 1
The means o f the observed and estimated dry matter intake amounts when the lambs 
were fed on either lucerne or grass are alone, and the means o f the estimated and 
observed proportion o f lucerne and dry matter intake amounts o f grass and lucerne in 
the selected diet when the lambs were fed both diets as a choice are given in Table 2. 
The results suggested that there was a general agreement between the measured 
quantities and those estimated using the alkane technique across all the three diet 
treatments and the two mature sizes. However, at 30% mature size, for the lambs fed 
on grass only, dry matter intake was slightly overestimated and for those fed on 
lucerne and grass as a choice, the dry matter intake o f lucerne was underestimated by 
the alkane technique. There was also an increase in dry matter consumption by the 
lambs from 30 to 45% mature size on all the diet treatments. The observed dry matter 
intake o f grass increased by almost 800g, while the estimated quantity increased by
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just over 600g from 30 to 45% mature size. The dry matter intake o f lucerne 
increased by over 800g between the two lamb sizes and the observed and estimated 
quantities were similar. The combined dry matter intake o f grass and lucerne 
increased by just over 900g and similar margins o f increase were reflected in both 
measured and estimated intake amounts, but as mentioned above, there was a 
discrepancy between the observed and estimated dry matter intake amounts of 
lucerne at 30% mature size.
The results o f regressing the estimated quantities generated by the alkane technique 
on the observed quantities for the three diet treatments and the two animal mature 
sizes are tabulated in Table 3. The slopes o f most o f the regression lines relating the 
estimated and the observed amounts were not significantly different from 1 and most 
o f their intercepts were not significantly different from zero, which suggests a close 
agreement between the estimated and measured amounts.
The relationship between the observed dry matter intake o f grass and the estimated 
dry matter intake o f grass using the n-alkane technique for the lambs at 30% and 
45% mature sizes is presented graphically in Figure 1. At 30% mature size there was 
a linear relationship (R2=.78, p<0.001) between the observed and estimated daily dry 
matter intake o f grass, albeit with a slope that is significantly different from 1 and an 
intercept that is significantly different from zero (Table 3). The regression equation 
describing the relationship is: Y d m i =  450 (SE+156) + 0 . 6 8 8  (SE±0 . 1 10) X d m i ,  where 
Y DMi is the estimated dry matter intake and X Dmi is the observed dry matter intake; 
the r. s. d. was 116 g/day. Although the technique slightly underestimated the intake
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of grass by a few lambs and overestimated the intake o f one at 30% mature size, the 
average o f the estimated (1402; SE=65.7) was only 1.3% higher than the average o f 
the observed (1384; SE=84.3) dry matter intake o f grass. At 45% mature size there 
was a linear relationship (R =0.90, p<0.001) between the observed and estimated 
daily dry matter intake o f grass such that: Y d m i =  175 (SE±189) + 0.850 (SE±0.086) 
X d m i ,  where Y d m i  is the estimated dry matter intake and X d m i  is the observed dry 
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O bserved (g/d  D M )
Figure 1 The relationship between observed and estimated dry matter intake for the 
lambs fed on grass alone at 30% and 45% mature sizes (n=13). • ,  30% mature size; 
▼, 45% mature size and the solid line indicates the line o f equality.
In Figure 2 the relationship between observed and estimated dry matter intake for the 
lambs fed on lucerne alone is shown. At 30% mature size there was a linear 
relationship (R2=0.95; p<0.001) between the observed and the estimated daily dry 
matter intake o f lucerne such that: Y d m i -  51 (SE±130) + 1.02 (SE±0.071) X d m i ,  














intake with r. s. d. o f 106 g/day. At 45% there was also a linear relationship 
(R2=0.90; p<0.001) between the observed and the estimated daily dry matter intake 
o f lucerne and this relationship is described by the regression equation: Y d m i  = -104 
(SE±313)+  1.05 (SE±0.115) X d m i ,  where Yd m i  is the estimated dry matter intake and 
X d m i  is the observed dry matter intake with r. s. d. o f 262 g/day.
O bserved (g/d D M )
Figure 2 The relationship between observed and estimated dry matter intake for the 
lambs fed on lucerne alone at 30% and 45% mature sizes (n = ll). • ,  30% mature 



















Figure 3 The relationship between estimated and observed proportion o f lucerne in 
the diet o f each o f the lambs offered pelleted lucerne and pelleted grass as a choice 
(n=12). • ,  30% mature size; H , 45% mature size and the bold line indicates the line 
o f equality.
Figure 3 shows the relationship between the observed and the estimated proportion 
o f lucerne in the diet selected by the lambs when they were fed on both lucerne and 
grass as a choice. At both 30% and 45% mature sizes, there was a linear relationship
I 1 I I I 1 I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
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(R2=0.98; p<0.001 and R2=0.91; p<0.001, respectively) between the observed and 
the estimated proportion o f lucerne in the diet. At 30% mature size the relationship is 
described by the regression equation: Y Pr o p =  -0.0126 (SE±0.0318) + 1.06 
(SE±0.0526) Xprop, where YpRopand Xprop is the estimated and observed proportion 
o f lucerne in the diet, respectively; the r. s. d. was 0.0350 At 45% the relationship is 
described by the equation: Y p r o p =  0.0581 (SE±0.0616) + 0.919 (SE±0.0925) X PRop, 
where Yprop and Xprop is the estimated and observed proportion o f lucerne in the 
diet, respectively with r. s. d. of, as a proportion, 0.0419.
Linear relationships between the observed and the estimated daily dry matter intake 
o f grass were observed at 30% and 45% mature size (R2=0.95; p<0.001 and R2=0.88; 
p<0.001, respectively), when the lambs were fed on pelleted lucerne and grass given 
as a choice (Figure 4). At 30% mature size the relationship was described by the 
regression equation: Y d m i =  8 8 . 8  (SE±41.5) + 0.891 (SE±0.0631) X d m i ,  where Y d m i  
is the estimated dry matter intake and X d m i  is the observed dry matter intake with r. 
s. d. o f 57.5 g/day. At 45% mature size the relationship was described by the 
equation: Y d m i =  84.1 (SE±94.4) + 0.876 (SE±0 .1 0 1 ) X d m i ,  where Y d m i  is the 














O bserved (g/d D M )
Figure 4 The relationship between the observed and the estimated amount o f grass 
in the diet selected by each o f the lambs given pelleted lucerne and pelleted grass as 
a choice at 30% and 45% mature sizes (n=12). • ,  30% mature size; i ,  45% mature 
size and the bold line indicates the line o f equality.
In Figure 5 the relationships between the observed and the estimated amount o f daily 
dry matter intake o f lucerne for each o f the lambs at 30% and 45% mature sizes 
when fed on pelleted lucerne and pelleted grass as a choice is presented. The
49
relationship at 30% mature size was linear (R2=0.97 ,p< 0.001), such that: Y d m i=  1 2 2  
(SE±54.3) + 0.790 (SE+0.0473) X d m i ,  where Y DMi and X d m i  is estimated and 
observed dry matter intake o f lucerne; the r. s. d. was 87.0 g/day. However, at 30% 
mature size the n-alkane technique tended to underestimate the amount o f lucerne 
consumed by a few lambs, particularly at high intake levels. The discrepancy 
between the observed and estimated amounts was also reflected in the significances 
o f the slope and the intercept from 1 and zero, respectively, o f the regression line 
describing the relationship between the observed and the estimated quantities (Table 
3). At 45% mature size there was also a linear relationship (R2=0.97, p< 0.001 ) 
between the estimated and the observed amounts o f lucerne in the selected diet and 
this relationship was described by the regression equation that: Y q m i=  8 5 . 0  
(SE±94.4) + 0.911 (SE±0.0521) X d m i ,  where Y d m i  is the estimated dry matter intake 
o f lucerne and X d m i  is the observed dry matter intake o f lucerne with 
r. s. d. o f 117 g/day.
Figure 6  shows the comparison o f the results o f using different alkane combinations 
and recovery rates from Mayes et al. (1986) and Dillon (1993) cited by Hameleers 
and Mayes (1998) in the least squares calculation for predicting the proportion of 
lucerne in the selected diets o f lambs offered pelleted lucerne and pelleted grass as a 
choice. The combination o f alkanes C31 and C33 used with the recovery rates from 
Mayes et al. (1986) gave the closest predictions o f the proportion o f lucerne in the 
diet when compared with predictions based on other sets o f alkanes and recovery 
rates. The same combination o f alkanes but used with the recovery rates published by 
published by Dillon (1993) and cited by Mayes and Hameleers (1998) yielded
50
reasonably close diet selection estimates. The combination o f  C33 , C31 and C27 and 
that o f C33 and C27 used with the recovery rates o f Mayes et al. (1986) also gave 
reasonably close estimates. Using the set o f alkanes C31 , C29 and C27 with the 
recovery rates o f Mayes et al. (1986) yielded the worst estimates o f the proportion of 
lucerne in the diet o f the lambs given lucerne and grass as a choice, o f the all the 














O bserved (g/d D M )
Figure 5 The relationship between the observed and the estimated amount of 
lucerne in the diet selected by each o f the lambs given pelleted lucerne and pelleted 
grass as a choice at 30% and 45% mature sizes (n=12). • ,  30% mature size; 
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Figure 6. Comparison o f the results o f using different alkane combinations and 
recovery rates from M ayes et al. (1986) and Dillon (1993) cited by Hameleers and 
Mayes (1998) in the least squares calculation for predicting the proportion o f lucerne 
in the selected diets o f lambs offered pelleted lucerne and pelleted grass as a choice. 
The alkanes used and the source o f  recovery rates are indicated in parenthesis.
— , Observed; O , (Mayes C33 ,C3 i); • ,  (Mayes C33,C29) ;® ,  (Mayes C33 ,C27);
, (Dillon C3 i,C33); A ,  (Dillon C33,C3 i,C29 ,C27); X  (Mayes C 33,C3 i,C29 ,C27);
▼, (Mayes C33 ,C29 ,C27) ;D , (Mayes C33 ,C3 i,C29); ♦ ,  (Mayes C33 ,C3 i,C27);
X, (Mayes C3 i,C29 ,C27).
53
Experiment 2
The means o f the ratios o f the concentrations o f € 3 3 :0 3 2  in the faeces o f the restricted 
and ad libitum  fed lambs over the 24 h sampling period are listed in Table 4. The 
ratio o f the concentration o f € 3 3 :0 3 2  in the faeces was not significantly affected by 
sampling time over the 24 h sampling period irrespective o f whether the lambs were 
restricted or ad libitum  fed.
Table 4 The means o f the ratio o f the concentration o f € 3 3 :0 3 2  in the faeces o f 
restricted and ad libitum  fed lambs (n=6) over a 24 h sampling period.
Feeding
08:00 1 2 : 0 0
Time 
16:00 2 0 : 0 0 24:00 04:00
s.e.d . 1
A d libitum 0.595 0.629 0.631 0.748 0.834 0.763
0.0884
Restricted 0.278 0.247 0.289 0.276 0.186 0.252
's.e.d. for comparison o f the ratios o f the concentration o f € 3 3 :0 3 2  in the faeces o f the 
lambs at different sampling times within each feeding regime.
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Experiment 3
A comparison o f the ratio o f the concentration o f € 3 3 :0 3 2  in the faeces o f once and 
twice daily dosed lambs over the 5 sampling days are given in Table 5. There was on 
average a significantly higher (p<0.05) ratio o f the concentration o f € 3 3 :0 3 2  in the 
faeces o f the lambs dosed twice daily than in the faeces o f those dosed once daily 
over all the sampling days. However, the ratios for days 1, 2, 3 and 4 were not 
significantly different between the two dosing strategies; only the day 5 ratio was 
significantly higher in the faeces o f the lambs that were dosed twice daily.
Table 5 The means o f the ratio o f the concentration o f € 3 3 :0 3 2  in the faeces o f once 
and twice daily dosed lambs (n=6) over 5 sampling days. Means with different 
superscripts within the same row are significantly different (p<0.05).
Sampling Day








s.e.d . 1 0.0813
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's.e.d. for comparison o f the means o f the ratios o f the concentration o f € 3 3 :0 3 2  in the 
faeces o f once- and twice daily dosed lambs.
Discussion 
Experiment 1
The close relationship between the observed and the estimated grass dry matter 
intake (Table 2 and Table 3) found in this study is consistent with the findings of 
similar studies that investigated the reliability o f the n-alkanes method in estimating 
herbage dry matter intake by ruminants. Mayes et al. (1986) assessed the accuracy of 
pairing each o f  two dosed n-alkanes, octacosane (C28) and dotriacontane (C32) with 
each o f their two most adjacent natural n-alkanes to estimate the intake o f perennial 
ryegrass by sheep. All the pairing methods used slightly underestimated actual 
intake, except the C32 dosed-C33 natural alkane pair, which gave an estimate that 
equalled the measured intake. The experiment reported here also made use o f the C 32 
dosed-C 33 natural alkane pair to estimate intake, but the pair gave results which, on 
average, slightly overestimated intake at 30% mature size. The alkane technique 
however underestimated by 350g the dry matter intake o f grass by one o f the lambs 
at 30% mature size. It is difficult to offer an explanation for these discrepancies, 
particularly in the light o f the close agreement between the rest o f the observed and 
estimated quantities (Table 3), except in terms o f experimental error, to which both 
the estimated and measured quantities are subject. Newman et al. (1998) pointed out 
that there is a possibility o f analytical error in the determination o f alkane 
concentrations in the diet and in the faeces, which could have a significant effect on 
the estimates derived by the alkane method. Error can also be introduced by a failure 
to obtain a representative sample from the consumed diet (Dove and Mayes, 1991;
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Newman et al., 1998). However this is not a likely source o f error in this study as the 
consumed diet had been ground and pelleted, which should have resulted in a fairly 
homogeneous mixture o f the various components (parts from the same plants and 
from other plants) making up the pellets. The observed intake amounts, although to a 
much lesser degree than the estimated amounts, are also subject to a small degree of 
measurement error, which could influence the agreement between the observed and 
estimated values. At 45% mature size however the technique gave estimates which 
were in close agreement with the measured intake (Figure 1); the fitted regression 
line describing the linear relationship was not significantly different from the line o f 
equality [i.e. the slope and the intercept were not significantly different from one and 
zero, respectively (Table 3)].
As shown in Figure 2 and in Table 3, the dry matter intake o f lucerne was accurately 
estimated at both levels o f maturity. At both 30% and 45% mature sizes there was a 
linear relationship between the observed and the estimated lucerne dry matter intake 
and the fitted regression line describing the linear relationship was not significantly 
different from the line o f equality (Table 3). The results are consistent with those 
reported by Vulich et al. (1991). They reported a bias, expressed as estimated intake 
minus observed intake as a percentage o f observed intake, o f 3% when using the 
same pair o f alkanes (C32 dosed-C33 natural) as in this study to estimate herbage 
intake by sheep. The mean biases found in this study were 5.2% and 1.4% for the 
30% and 45% mature size groups, respectively.
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The success o f the n-alkanes method to estimate diet composition depends on the 
accuracy o f the procedure used to derive the best match between the concentrations 
o f certain n-alkanes in the constituents o f the diets on offer and the concentrations of 
the same n-alkanes in the faeces, after correcting for losses in the digestive tract. 
Several mathematical methods have been suggested, the earliest o f which made use 
o f simultaneous equations, as described by Dove and Mayes (1991) and Dove 
(1992). In order for the equations to be solvable, the number o f n-alkanes whose 
concentrations are used in the equation should ideally be equal to the number o f the 
individual components o f the diet, although a solution can be obtained by using one 
alkane less than the number o f diet components, as described by Dove and Mayes 
(1991). However when this method is used to resolve a diet with only two 
components, in which case the concentrations o f two n-alkanes should ideally be 
chosen and used in the simultaneous equations, it is not always obvious which two to 
chose from several possibilities. The solutions may differ, depending on which two 
alkane concentrations are used in the two simultaneous equations (Newman et al., 
1995).
Recently, least squares optimisation and iterative methods, which allow the use o f 
more alkanes than the number o f  components making up a diet, have emerged as the 
most appropriate ones because they yield unique diet proportion estimates from the 
concentrations o f several n-alkanes in the faeces and the diets on offer. Hameleers 
and Mayes (1998) compared the performances o f three such methods in estimating 
the composition o f the diet selected by dairy cows offered a perennial ryegrass and 
white clover mixture: the iterative optimisation procedure described by Mayes et al.
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(1994), the non-negative least squares iterative method described by Dove and 
Moore (1995) and the non-negative least squares method using matrix algebra 
proposed by Newman et al. (1995). All the three methods yielded similar estimates 
o f the proportion o f white clover in the diet o f the cows, which suggested comparable 
degrees o f accuracy in predicting diet selection.
The technique used in this study, which is similar to that described by Newman et al.
(1995), accurately estimated the proportion o f lucerne in the diet selected by the 
lambs when given lucerne and grass as a choice (Figure 3). In addition, the 
proportion estimates derived and used in the Mayes et al. (1986) formula to estimate 
DMI accurately estimated DMI o f grass at both levels o f maturity (Figure 4 and 
Table 3). The DMI o f lucerne was also adequately estimated at both stages o f 
maturity, particularly at 45% (Figure 5 and Table 3). However, unlike in the results 
o f Hameleers and Mayes (1998), where white clover was slightly overestimated, 
lucerne at 30% mature size was slightly underestimated in this study. Any one or 
more o f several sources o f error could have caused the discrepancies between the 
estimated and the measured values. For instance, Newman et al. (1998) cautioned 
that errors in the extraction and quantification procedures may yield incorrect alkane 
concentrations o f the diet components, which may in turn affect the diet proportion 
estimates derived from the technique. These concerns did not seem to play a major 
role in this study because the estimated quantities were in good agreement with the 
measured, except for the lucerne underestimation at 30% mature size. Even at this 
stage o f maturity there was a linear relationship between the observed and the
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estimated amount o f lucerne in the selected diet (R2=0.97, p< 0.001 ), which lends 
credence to the alkane technique. However, the DMI o f lucerne by one lamb was 
underestimated by almost 450 g, and this seems unlikely as none o f the other lambs 
had observed lucerne DMI figures o f the order suggested by the measured intake 
amount for this lamb. As has previously been mentioned, the measured intake 
amount may not be free o f experimental error.
The close relationship between the estimated and the measured DMI quantities show 
that the technique can be successfully used to estimate the composition and amounts 
of individual components o f the diet selected by animals offered lucerne and ryegrass 
as a choice, at least under controlled conditions. These results are also consistent 
with the findings reported by other researchers who used essentially the same 
technique used in this study to estimate herbage intake and selection by ruminants 
offered a choice o f diets (Hameleers and Mayes, 1998; Salt et al. 1994).
In this study the concentrations o f C31 and C33 (recovery rates from Mayes et al. 
(1986)) were used in the least squares calculations because they gave the closest 
predictions o f the proportion o f lucerne when compared with predictions based on 
other sets o f alkanes (Figure 6 ). In instances where there are no observed quantities 
for validation, it may not be as obvious which sets o f alkanes to use in order to 
establish the best diet proportion estimates. Under such circumstances the sensible 
approach would be to opt for a method which derives diet proportion estimates from 
as many o f the available alkanes as possible, unless, as was the case in this study, 
there is reason to chose a method that constructs estimates from fewer alkanes.
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Regardless o f the method used, the best estimates are established when the alkane 
concentration patterns are markedly different and the total alkane contents are similar 
between the diets on offer (Dove and Mayes, 1991).
However, in this study certain alkanes tended to have a greater influence on the 
accuracy o f the diet proportion estimates than others. For instance exploring the 
consequences o f using another combination o f two alkanes besides the two, C31 and 
C33, used to derive the estimates used in this study produced unexpected results. 
Substituting C29 for C31 in the equations did not yield diet proportion estimates that 
are similar to those yielded when using C31, yet the difference margins in the 
concentrations o f these alkanes between the two diets are comparable. Substituting 
C27 for C31 gave similar estimates to the ones obtained when C31 was used, yet the 
concentrations o f C27 in lucerne and ryegrass were similar. This was unexpected 
because the sensitivity o f the estimates produced by least squares methods or 
simultaneous equations is expected to improve as the difference in alkane 
concentration between the two component diets increased. Leaving out C33 and using 
any other pair yielded estimates which were different from the observed proportions 
o f lucerne in the diet, which implied that o f all the four alkanes which could be used 
C33 had the most influence on the accuracy o f the estimates produced. Thus the 
individual alkanes could be ranked in order o f influence on the estimates o f lucerne 
proportion in the selected diets as C33, C31, C27 and C29. A possible explanation for 
this difference is that the actual recovery rate o f lucerne C29 may be different from 
the one assumed in this experiment and the recovery rates o f the others were close to 
those assumed here. Newman et al. (1998) cautioned that incorrect recoveries may 
have a large and significant effect on the estimates derived from least squares
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optimisation techniques. This is also evident when examining the difference between 
the estimates generated using the recovery rates use by Mayes et al. (1986) and those 
used by Dillon (1993) as reported by Hameleers and Mayes (1998) (Figure 6 ) The 
two sets o f recovery rates were established under different conditions and using 
different animal species. Dillon and Stakelum (1990) reported lower recovery rates 
than found previously with lactating dairy cows. Stakelum and Dillon (1990) found a 
reduction in the recovery rates o f  C31 and C32 in dairy cows at higher DMI levels. 
Mayes et al. (1986) found no evidence o f the influence o f feeding level on the 
recovery o f alkanes in sheep fed mainly on ryegrass and a concentrate supplement. 
However, the recovery o f C27 was lower when the supplement was given and when a 
daily dose o f C28 and C32 was mixed with palmitic and stearic acids. Therefore the 
behaviour o f alkanes in the digestive tract may be influenced by animal species and 
type, the level o f feeding and diet and these could affect faecal recovery rates, which 
could in turn affect diet proportion estimates generated by the alkane technique.
Experiment 2
There was no evidence o f within day variation in the ratio o f the concentrations of 
0 3 3 : 0 3 2  when the lambs were restricted or ad libitum  fed. These results are consistent 
with those reported by Mayes et al. (1986), who found no evidence o f diurnal 
variation or feeding level effect in the ratios o f concentrations o f natural to dosed 
alkanes in the faeces o f lambs. Similarly, Malossini et al. (1994) found low diurnal 
variations in the ratio o f the concentrations o f natural to dosed alkanes in the faeces
62
of grazing dairy cows. Thus, for this study, unbiased intake estimation can be made 
using faecal samples collected any time o f the day after a steady state had been 
established. Although Stakelum and Dillon (1990) reported diurnal variation, they 
found no evidence o f feeding level effect in the excretion pattern o f  the ratios o f 
natural to dosed alkanes by dairy cow.
Experiment 3
For accurate DMI estimation by the alkane method the concentration o f the dosed 
alkane in the faeces should be constant. To ensure this constancy it is suggested the 
dose is administered twice daily (McMeniman, 1997). However, dosing once daily 
would reduce animal handling and would thus be more practical, particularly under 
extensive grazing conditions. Dillion and Stakelum (1990) reported a greater within 
day variation with once daily than twice daily dosing in the ratios o f natural to dosed 
in the faeces o f dairy cows. The results o f this experiment suggested no difference in 
the ratios o f the concentrations o f Ciy.C n  between the two dosing strategies until the 
fifth day o f dosing (Table 4). The possible cause o f this variation may have been that 
all the six lambs that were dosed twice daily were fed on grass and three o f the six 
lambs that were dosed once daily were unwittingly fed on lucerne which has a lower 
concentration o f C33 than grass. That there were three lambs fed on lucerne in the 
group that was dosed once daily could have reduced the concentration o f C33 in the 
faeces o f these lambs, which could have confounded the difference in the 
concentration o f C33 due to the difference in dosing strategies between the two 
groups o f lambs. Feeding the same diet to all the lambs in both groups would have
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provided a fairer basis for comparing the two dosing strategies. There was however 
no evidence o f  day to day variation in the ratios o f the concentrations o f 0 3 3 : 0 3 2  
associated with either strategy.
Conclusion
The potential o f the alkane technique in estimating the DMI and diet o f stall-fed or 
outdoor ruminants has been demonstrated (e.g. Hameleers and Mayes, 1998 and Salt 
et al., 1994). Vulich et al. (1991) found it not only accurate and precise, but also 
repeatable. The close agreement between the estimated and observed parameters 
investigated shown by the results o f this study also attest to its accuracy The close 
agreement between the measured and observed parameters at both lamb mature sizes 
demonstrated that the reliability o f the technique was not affected by how much food 
the lambs ate. However, improving certain aspects associated with the technique 
would enhance its accuracy. For instance, in this study, if there were no direct intake 
measurements against which to compare estimates, it would not have been obvious 
which two alkanes to use in the least squares optimisation part o f the procedure and 
using the wrong ones could have yielded incorrect estimates (Figure 6 ). The possible 
reason for the difference in generated estimates when different alkanes are used may 
be that some or all o f the recovery rates assumed were not quite appropriate for this 
study.
Recovery rate errors have far-reaching consequences because they are used in the 
primary computation for estimating the proportions o f individual components o f a 
mixed diet, upon which the subsequent total DMI and partitioning into amounts of 
the individual components o f the total diet are based. Therefore if the recovery rates
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are incorrectly determined, the estimates o f the DMI o f the individual components o f 
a mixed foodstuff will carry these errors in addition to other errors that may creep 
into the other steps involved in the procedure. Recovery rates determined under 
similar experimental conditions would yield similar results regardless o f the alkanes 
used, provided the quantities o f the chosen alkanes were similar, but patterns 
different between the two diets on offer. It can therefore only improve the ability of 
the alkane technique to estimate diet selection to have a body o f recovery rates that 
have been established with different animals when fed different types o f diets at 
different levels o f feeding. Alternatively and more appropriately, for each 
experiment, recovery rates for each alkane in each diet should be determined 
experimentally before the diet selection study starts and these recovery rates, rather 
than the published ones, should be used in the calculations.
The results o f experiment 2 did not show evidence o f within day variation in the 
ratios o f the concentrations o f C3 3 :C32 when the lambs were either restricted or ad  
libitum  fed once a steady state has been established. A conclusion that can be drawn 
from such results is that in order to make unbiased intake estimation faecal sample 
collection should not be limited to specific times o f the day, which lends support to 
the simplicity and minimal evasiveness attributes o f the technique.
It would be difficult to draw meaningful conclusions from the results o f experiment 3 
because, while all the lambs that were dosed twice daily were fed on lucerne, one 
half o f those that were once daily dosed were fed on lucerne and the other half were 
inadvertently fed on grass. Therefore variation in the ratios o f the concentrations of
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C3 3 :C32 between the two dosing strategies will be confounded by the difference in the 
concentration o f C32 and C33 between grass and lucerne, which would rule out a fair 
comparison between the two dosing strategies. A fairer investigation into the 
difference in the ratios o f 0 3 3 : 0 3 2  between the two dosing strategies is thus warranted 
in order to establish whether or not once daily dosing is adequate for accurately 
determining DMI by animals.
6 6
C H A PT E R  4
Introduction
Voluntary intake o f tropical pastures by ruminants is generally low compared with 
that o f temperate pastures, but varies according to sward type and time o f the year. 
Most tropical pasture types grow rapidly during the rainy season, which leads to their 
maturity and lignification by the time the dry season comes (Preston and Leng,
1987). During the dry season the available forage is o f low digestibility and quality 
and its intake by animals is not enough to maintain good animal performance 
(Preston and Leng, 1987). The response o f animals to seasonal fluctuations in food 
quality varies from animal to animal according to genetic potential. In order to 
formulate efficient supplementary feeding it would be useful to know intake 
potentials o f individual animals. Mayes et al. (1986) proposed a double marker 
method, which uses a synthetic even-chain and a natural odd-chain alkane, for 
calculating dry matter intake o f individual grazing animals. Various investigations 
have compared the accuracies o f different pairs o f alkanes and the C33 and C32 pair 
has been found to give the most accurate estimates o f the dry matter intake of 
temperate forages (Mayes et ah, 1986; Vulich et ah, 1991; Hameleers and Mayes, 
1998). However, forages have different alkane profiles and the amount o f C33 they 
contain may not be enough to allow its use (Laredo et ah, 1991 and Hameleers and 
Mayes, 1998). Other alkane pairs can also be used, but accuracy may be
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compromised if  there is a large difference in recovery rates between the two alkanes 
(Dove and Mayes, 1991). The alkane C32 (to pair with C33) was not available during 
the time this experiment was conducted and this necessitated the use o f  C36 which 
was also cheaper than C3 2 . Because the recovery rate o f C36 is closer to that o f C35 
than to that o f C33 (Dove and Mayes, 1991), C35 was chosen as the natural alkane to 
pair with C3 6 .
The aim o f this experiment was to use the alkane pair o f  C36 and C35 to compare the 
voluntary dry matter intake o f Brachiaria decumbens by dry and lactating cows 
between the dry and wet seasons o f Bolivia, South America.
Material and methods
The experiment was conducted during two seasons in 1997, towards the end o f the 
rainy season in early April and in the middle o f the dry season in mid July. During 
the rainy season eight Criollo dry cows averaging 301 kg liveweight and eight 
lactating cows in mid lactation, averaging 5 1 o f milk per day, and averaging 320 kg 
liveweight continuously grazed for five days each o f three 7.5 ha Brachiaria 
decumbens paddocks. During the dry season eight lactating averaging 300 kg 
liveweight and seven dry cows averaging 289 kg liveweight continuously grazed for 
7 days in each o f  two 11 ha Brachiaria decumbens paddocks. Each paddock had 
herbage mass content o f 7-8 ton o f DM/ha and therefore at no stage was herbage 
mass availability limiting intake. The cows were on the paddocks throughout the day
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and night and were removed only for milking twice a day in the morning and 
afternoon and were normally returned within an hour o f removal.
Each cow was dosed over a 12-day period twice daily at 06:00 and 15:00 with 400 
mg (2x200mg) o f hexatriacontane (C36) impregnated into a cellulocotton fdter. From 
day eight faecal grab samples were collected from each cow twice daily at dosing 
time (06:00 and 15:00) for five days. The samples were oven dried at 60° C for 48 
hours and then ground. For each cow, the two faecal samples from each day were 
bulked into a daily sample and an aliquot extracted as described by Mayes et al. 
(1986), with the modifications that duplicate 0.5g samples were directly heated in 
ethanolic potassium hydroxide and 7ml o f heptane were used as the solvent.
Hand-plucked samples collected from each o f the paddocks on the first grazing day 
during each season were oven dried at 60° C, milled and pooled to make a composite 
sample o f the paddocks grazed in each season. An aliquot (1 g) was extracted in 
duplicate the same way as faeces, except that about 50% more solvent and water than 
in faecal extraction were used. The final eluates were injected onto a capillary 
column (HP.5 Crosslinked Phenyl Methyl Silicone, 50m x 0.32mm x 0.17pm) in a 
model HP6890 gas chromatograph fitted with a flame ionization detector and linked 
to a PC run by an HP Chemstation software. The oven temperature programme was 
initially 65°C and then rose at 10°C/min to 300°C where it was held for 20 min. The 
temperatures o f the injection and detector ports were 325°C and 350°C, respectively. 
The flow rate o f the carrier gas (N2) was 33.4ml/min. and that o f the makeup gas 
(N2) was 24ml/min. The ratio o f the peak areas o f the analysed n-alkanes to that of
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the internal standard (C34) was used to calculate n-alkane amounts in the samples. 
Identification o f the different n-alkanes was made based on the relative retention 
times o f known standards.
Several filters from the batch that was used for dosing the cows were extracted to 
determine the average amount that was adsorbed onto each filter. The method 
involved slicing three pellets and boiling them for lh  under reflux in 1 0 0 ml of 
heptane after adding lOOmg o f internal standard (C34), (R. W. Mayes unpublished 
protocol). After partial cooling to about 60°C an aliquot was taken and analysed by 
gas chromatography the same way as the faecal and feed samples.
The amount o f dry matter eaten by each cow was estimated from the concentrations 
o f C35 and C36 n-alkanes in the faeces and the consumed herbage in each season 
according to the method described by Mayes et al. (1986). The intake estimate data 
were analysed as a completely random design by Genstat 5 (Lawes Agricultural 
Trust, 1998) using a two way ANOVA.
Table 1. The average concentrations o f C35 and C36 (mg/g DM) in hand-plucked 
herbages in the paddocks grazed in the dry and rainy seasons.
Season C35 C36
Rainy 0.0227 Not detectable
Dry 0.0638 Not detectable
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Results
The concentrations o f C35 and C36 in the herbage, which was predominantly 
Brachiaria decumbens, grazed by the cows in the dry and the wet seasons are 
presented in Table 1. There was almost three times as much C35 in the herbage 
during the dry season as there was during the wet season. The concentration o f C35 in 
the wet season was slightly less than that detected by Dove and Mayes (1991) in 
Brachiaria decumbens. During both seasons the concentration o f C36 was too low to 
detect and for the purposes o f the intake estimation calculations it was assumed to be 
zero.
In Table 2 the comparison o f the dry matter intake amounts o f the cows between the 
dry and the wet seasons and between the lactating and the non-lactating stages of 
production are shown. During the rainy season the lactating and the non-lactating 
cows consumed significantly more (p<0.05) dry matter than during the dry season. 
The average dry matter intake o f the lactating cows was about 1 kg more (pO.OOl) 


































































































































































































Voluntary intake o f most tropical pastures by ruminants is estimated to vary between 
1% and 3% o f body weight per day, depending on sward type and season o f the year 
(Preston and Leng, 1987). The average daily dry matter intake estimates o f 7.1 kg 
during the rainy season and 6.3 kg during the dry season are well within this range 
(Table 2). Reported voluntary intake o f Brachiaria decumbens by cattle and sheep 
has been variable, but there are no published data obtained by using the alkane 
technique. In Brazil the daily intake o f Brachiaria decumbens by steers was found to
0 7Sbe 45 and 70 g DM/kg LW ' for mature and immature stands, respectively (Lascano 
and Euclides, 1996). These figures are lower than the intake estimates obtained 
during the dry and wet seasons in the study reported here. However the seasonal 
difference, but not the amount, is in agreement with the higher rainy season and 
lower rainy season estimates obtained in this study. Grieve and Osbourn (1965) cited 
by (Lascano and Euclides, 1996) reported an intake o f young Brachiaria decumbens
a nc
re-growth o f 80 g DM/kg LW ' by Jamaican sheep. In contrast, in Brazil the intake 
by sheep was considerably lower when the same grass type was fed as hay from 
forage harvested every six weeks (Lascano and Euclides, 1996)
The higher intake estimates for the lactating cows in both seasons are in agreement 
with the general belief that lactating cows increase their intake in order to meet the 
higher nutrient requirements o f lactation (Forbes, 1993; Weston, 1996). Food 
availability and quality, however, often prevent intake meeting these requirements 
(Weston, 1996). Brachiaria decumbens, like all tropical grasses, decreases in
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digestibility as it matures from the rainy to the dry seasons, which reduces its intake 
by livestock (Humphreys, 1991). However, it shows a lower rate o f decline in 
nutritive value and digestibility than grasses in other genera, which explains lower 
intake o f other grasses by ruminants during the dry season and sometimes during the 
wet season (Humphreys, 1991). Euclides et al. (1993) compared the green dry matter 
(GDM) and leaf dry matter (LDM) available over the growing season between B. 
decumbens and B.brizantha. B. decumbens had a higher leaf dry matter than B. 
brizantha at the end o f the dry season. However, B. brizantha had a higher GDM in 
the rainy season. This difference in LDM and GDM between the two species during 
the rainy and the dry season was reflected in the average daily gains o f steers grazing 
them. Steers grazing B. brizantha showed higher average daily gains during the rainy 
season, but lower average daily gains during the dry season than those grazing B. 
decumbens. Similarly, Cardoso et al. (1993) found B.decumbens capable o f fattening 
Nellore steers during the rainy season in Brazil and also maintained their liveweight 
during the dry season at a stocking rate o f 1 head/ha.
Voluntary intake o f another related species, Brachiaria humidicola, during the rainy 
season in Colombia was lower at 1.3 per cent o f the bodyweight o f cattle (Lascano 
and Euclides, 1996) than the intake estimates obtained in this study. This species 
normally has a lower crude protein content than B. decumbens (6 % vs. 14%), hence 
its lower intake. At the same stocking rate, this species was also reported to produce 
115 kg/ha less annual average daily gains than B. decumbens.
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The alkane technique has been successfully used to estimate the intake o f different 
forages by sheep and cattle. For temperate forages estimates with the least bias were 
obtained when the pair o f the dosed alkane C32 and the natural alkane C33 were used. 
For instance, Stakelum and Dillon (1990) compared the herbage intake estimates of 
dairy cows, generated by using various alkane pairs and C35 as an internal marker 
together with faecal output. Their results suggested that the best estimates were 
obtained by using the alkane pair o f C32 and C33, and the poorest estimators were the 
pair o f C35 and C36 and the C35 and internal marker method. M ayes et al. (1986) did 
not include the pair o f C35 and C36 in an investigation comparing different alkane 
pairs and C 35, used as an internal marker, plus faecal DM output to estimate the 
intake o f perennial ryegrass or ryegrass and a concentrate diet. The pair o f C33 and 
C32 gave identical intake estimates to the actual intakes o f the lambs. They concluded 
that other alkane pairs, although slightly underestimated intake, gave reasonably 
estimates.
Dove et al. (1990) compared the intake estimates o f perennial ryegrass by sheep over 
several stages o f lactation, calculated using in vitro-based digestibility and 
digestibility derived from herbage and faecal concentrations o f C3 5 . From the 
consistency o f the C35 alkane-based results o f the study and in relation to published 
intake figures, they concluded that the alkane-based were more accurate than the in 
vitro-based estimates. Unal and Garnsworthy (1999) compared the intake estimates 
derived by using the pairs o f C32 and C33 and C36 and C33 against the observed intake 
o f dairy cows fed on a mixture o f silage, concentrates and sugar beet pulp nuts.
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Slightly better intake estimates were obtained when C32 was used as the dosing 
alkane; intake was underestimated by 0.5 kg when C36 was used as the dosing alkane.
Laredo et al. (1991) explored the potential for using alkanes in tropical forages, 
including Brachiaria decumbens, as markers for the determination o f dry matter by 
grazing ruminants. They concluded that where the forage concentrations o f C35 are 
higher than 50 mg/kg dry matter the pair o f C35 and C36 could be used to used to 
estimate dry matter intake. However, with forages that contain enough concentration 
o f C33, this alkane could be paired with dosed C32 to obtain low error intake 
estimates. For forages that contain insufficient amounts o f C33 a shorter chain length 
alkane could also be used, but with a reduction in the accuracy o f the intake 
estimates.
The results o f the present study have not been validated by concurrent direct intake 
measurement, but the estimates obtained using the pair o f C35 and C36 should be 
reasonably accurate. The two alkanes have comparable recovery rates (Dove and 
Mayes, 1991), a requirement for accurate intake estimates (Mayes et al., 1986; 
Laredo et al., 1991; Dove and Mayes, 1991). Casson et al. (1990) cited by Laredo et 
al. (1991) recommended that the concentration o f the odd chain alkane used in the 
method be more than 50 mg/kg o f herbage DM. However, they added that this 
depends on the degree o f accuracy o f which laboratories are capable and also the 
amount o f precision required. The concentration o f C35 in the herbage grazed during 
the wet season in this study was less than this suggested threshold (Table 1), but the
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unavailability of C32 (to pair with C33) during the time the experiment was conducted 
necessitated the use of C36 for dosing. Since the recovery rate of C36 is closer to that 
of C35 than to that of C33 (Dove and Mayes, 1991), C35 was chosen as the natural 
alkane to pair with C36. That the concentration of C35 in the wet season herbage was 
less than the threshold of 50mg/g DM was probably not a major source of error in the 
results of this study. This laboratory used herbage which had a lower alkane 
concentration (lucerne C33 = 17.4 mg/kg DM) than this threshold and obtained intake 
estimates which closely agreed with the observed intake of sheep (see results of 
experiment 1 in Chapter 3 of this manuscript).
In addition, the results o f an experiment by Dove et al., (1990) showed that C35 in 
perennial ryegrass can be used to obtain more accurate digestibility estimates than an 
in vitro procedure. Although, these authors did not report the alkane profile o f the 
ryegrass used in their study, it normally contains low concentrations o f C35 
(Hameleers and Mayes, 1998b; Dove and Mayes, 1991) and the low concentration 
did not seem to be a source o f considerable error in the study.
Conclusion
In cases where C32 is not available C36 could be used as the dosed alkane in 
conjunction with a natural alkane to estimate the dry matter o f intake o f tropical 
forages. The choice o f which alkane to pair it with should be based on its similarity 
to the recovery rate o f C36 rather than the amount available, as long as the
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concentrations are detectable. If the closest natural alkanes to C36 are not detectable, 
then lower natural alkanes can be used, but the degree o f accuracy o f the estimate 
may be compromised. Dove and Mayes (1991) contend that for every percentage 
point difference between the recovery rates o f the dosed and the natural alkanes, the 
intake estimates derived will be one percentage point inaccurate. As long as the 
disparities between the actual and the estimated intake values are small and similar 
during both seasons, the method will have achieved the aim o f this study- to compare 
voluntary intake o f Brachiaria decumbens by cows during the wet and the dry 
season. The degree o f accuracy may still be better than most other available methods 
for estimating the intake o f grazing animals can achieve (Dove et ah, 1990). It would 
however be useful to carry out more studies using the alkane pair o f C35 and C36 to 
estimate dry matter intake o f  tropical pastures by cows.
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C H A PT E R  5
Introduction
The amounts o f poor quality forages eaten by ruminants even under ad libitum  
feeding conditions are often insufficient to support the level o f production o f which 
animals are capable (Forbes, 1993). This low intake may be a result o f restricted flow 
o f forage digesta through the gastrointestinal tract, which may cause distension of 
one or more segments o f the gut (Allen, 1996). In such circumstances the amount o f 
dry matter consumed by a ruminant during a meal is influenced by the rate of 
clearance from the rumen o f previously ingested food (Forbes, 1986). Rumen 
clearance occurs by solubilization o f soluble material, degradation o f degradable 
material and passage o f the less digestible residues from the reticulorumen into the 
omasum (Van Soest et ah, 1988; Kennedy and Doyle, 1993)
The rate o f passage o f particles from the rumen depends on the efficiency o f their 
comminution into small particles, mostly by ruminative chewing, which is influenced 
by the physical properties o f the particles (Murphy and Kennedy, 1993). Reducing 
digesta particle size not only speeds their rate o f passage but it also increases their 
rate o f fermentation in the digestive tract as a result o f an increase in surface to mass 
ratio for microbial attack (Gerson et ah, 1988). In contrast, larger particles promote 
slower passage and do not allow as great a nutrient intake as smaller particles (Ehle 
and Stern, 1984). The range o f  particle sizes o f forage digesta then determines not 
only the efficiency at which they are digested, but also the rate at which undigested 
residues pass along the gut. It has also been proposed that density or buoyancy is 
another characteristic by which particles are sorted for selective retention in or
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passage out o f the reticulorumen. For instance Kennedy and Murphy (1988) found a 
close relationship between reticulorumen retention time and specific gravity of 
feedstuffs o f  various lengths. However, Kennedy (1995) could not establish a 
connection between the specific gravity o f particles, measured as particle 
sedimentation rate (Sutherland, 1988), in the reticulum and their probability of 
passage to the post-ruminal tract o f swamp buffaloes. Thus a clear elucidation o f the 
kinetics o f digestion o f forages o f different physical characteristics (e.g. density and 
size) in the digestive tract, and the physiological factors that modulate them will 
benefit efforts to predict and enhance the intake o f forages by animals.
Plastic particles have been used to provide information about selective retention of 
particles o f different characteristics (Kaske and Engelhardt, 1990). Inert particles 
with densities 1 .2 - 1 .4 g/ml seem to have the most rapid rates o f passage in the gut 
(Kaske and Engelhardt, 1990; desBordes and Welch 1984; Murphy et ah, 1989). 
However, because plastic particles do not undergo the same changes like hydration 
and specific gravity increase that occur in feed particles in the gut, data obtained 
from their use cannot provide absolute rates o f feed particle movement (Elden et ah, 
1980).
Heavy metal ions such as those o f chromium (Cr) and rare earth elements have been 
attached to fibre particles and used as solid digesta markers (Uden et al, 1980). Cr 
forms plant cell wall and protein complexes that are stable in in vitro digestion 
processes (Uden et ah, 1980). Because o f the tightness o f its attachment, Cr reduces
81
the digestibility and increases the density o f the material it is intended to label (Ehle, 
1984; Van Soest et al., 1988). Rare earths, although variable in degree o f attachment, 
can reduce digestibility and estimates o f passage rates obtained through their use 
may be influenced by the method o f attachment (Mader et ah, 1984). Another 
problem with rare earth metals is that their wide reactivity with proteins and 
carbohydrates could result in the formation o f insoluble complexes likely to move 
independently o f the feed particles they were intended to mark (Van Soest et al.,
1988).
Long chain n-alkanes have been used successfully to estimate dry matter intake and 
digestibility in animals. Their affinity for solid digesta shows a potential for their use 
as markers for investigating the rate o f passage o f solid material through the gut 
(Mayes et al., unpublished data). It is not known whether addition o f n-alkanes to 
forage particles would interfere with the degradation o f the forage to which they 
were attached when used in moderate amounts. The aims o f this trial were to 
investigate (I) the effects o f addition o f n-alkanes on fermentation characteristics o f 
forage particles, and (II) the rates o f passage o f n-alkane-coated fibre particles o f two 




A gas production study was conducted to investigate the effect o f coating feed 
particles with synthetic rc-alkanes on feed degradation. Hay samples ground to pass 
through a 1 mm screen in a hammer mill and coated with 0, 12, 24 and 60 mg of 
hexatriacontane (C36) were compared for in vitro fermentation dynamics as described 
by Jessop and Herrero (1996). Measurements o f gas production were taken at 1,2,  3, 
4, 6 , 8  h; thereafter every 4 h until 60 h, and at 72, 78, 84, 96, 108, 120 and 144 h. 
Cumulative gas volumes were corrected for fermentation o f 200 mg and for 
fermentation o f soluble material by subtracting the gas produced in 4 h (Herrero and 
Jessop, 1996), and fitted to the model GAS=A+B(l-exp~c(t~lag)), where A is the 
asymptote gas production from the fermentation o f soluble fraction (gas produced up 
to 4 h (cm3)), B is the asymptote gas production from the fermentation o f NDF (cm3), 
c is the fractional rate o f  gas production per hour, and lag is the lag phase before the 
fermentation o f  NDF begins (h) (Jessop and Herrero, 1996). An ANOVA using the 
Minitab statistical package (1993) was performed to compare the degradation 
parameters o f the treatments. An LSD was used to compare significant treatment 
means.
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Rates o f passage experiment
Four ruminally cannulated Scottish Blackface wethers were used in a cross-over 
design. The first period was in early December 1997 and the second period was in 
early January 1998. The sheep were kept indoors and penned individually on a 
slatted platform above a concrete floor. Two were fed on pelleted grass ad libitum  
and two were fed on baled hay ad libitum  for 14 days before pulse dosing and for the 
duration o f each period o f the trial.
Dose preparation
Two portions o f hay from the same batch from which the sheep were fed during the 
trial were taken and ground through a hammer mill, one to pass through a 6mm 
screen and the other to pass through a 1mm screen. The fraction that was ground 
through a 1 mm screen, which was labelled the small, buoyant pool (SB), was coated 
with n-octacosane (C28) at a rate o f 25 mg per gram of hay. The coating was achieved 
by dissolving the required amount o f n-alkane in heptane heated to 80°C and soaking 
the hay in the n-alkane solution while continually stirring for about 15 minutes. The 
hay was then dried in a fume cupboard for at least 24h and oven-baked at 100°C for 
lh  to melt the n-alkanes into the hay.
Experimental design
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About 1/4 o f  the hay ground through a 6mm screen, which was labelled the large, 
buoyant pool (LB), was coated with n-hexacosane (C26) using the same procedure 
used to coat SB. The rest o f the hay milled to pass through a 6mm screen was 
incubated for 120h in a mixture o f 1 part strained rumen liquor and 3 parts buffer 
solution (Menke et al., 1979) contained in flasks stoppered with fermentation locks 
and kept in a waterbath at 39°C. The flasks were shaken 4-6 times a day. As a 
general guide, about 800ml o f the rumen liquor and buffer solution mixture were 
enough to incubate 15 grams o f  grass. At the end o f the incubation period the rumen 
liquor was strained out through 2 layers o f muslin and discarded while the hay was 
collected and oven-dried at 60°C for 48 hours before it was separated into two 
roughly equal fractions. One fraction, which was labelled the small, dense pool (SD) 
was ground to pass through a 1mm screen in a hammer mill and then coated with n- 
dotriacontane (C32); the other, which was labelled the large, dense pool (LD) was 
labelled with n-triacontane (C30) without grinding. Both fractions were then coated 
with n-alkanes following the same procedure used for the unfermented hay.
Dosing and sampling
Five grams (coated with 125 mg o f n-alkane) o f each o f the four particle pools were 
weighed into tissue paper and inserted into the rumen o f each o f the four sheep via 
the rumen cannula. Faecal samples were collected from the floor: the first one was 
collected before or shortly after dosing and thereafter at 3-to 5-hourly intervals until 
84h and then at 6 -to 9-hourly intervals until 152h. During each collection period, the 
floor area directly underneath each animal pen was swept clean and the first sample
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to be voided by each animal was collected and its time recorded. The timing o f the 
faecal collection was aimed at obtaining a sample from each animal as close as 
possible to 4-hourly intervals in the first 84h and thereafter as close as possible to 8 - 
hourly intervals for the remainder o f the collection period. However faecal samples 
were often voided 1 to 2 h before or after the targeted time.
Extraction and gas chromatographic analysis
Faecal samples were oven dried at 60° C for 48h, ground and then bagged separately 
in a resealable plastic bag until extraction. For each wether an aliquot o f the faecal 
sample from each collection period was extracted and purified as described by 
Mayes et al. (1986), with the modifications that duplicate 0.5g samples were directly 
heated in ethanolic potassium hydroxide and 7ml o f heptane were used as the 
solvent. To determine the amounts o f n-alkane in the dose, duplicate lg  samples of 
each o f the two diets and four particle pools were extracted the same way as faeces 
except that about 50% more solvent and water were used than in faecal extraction.
The final eluates were injected onto a capillary column (Hewlett Packard (HP) .5 
Crosslinked Phenyl Methyl Silicone, 50m X 0.32mm X 0.17pm) in a model HP6890 
gas chromatograph fitted with a flame ionization detector and linked to a PC run by 
an HP Chemstation software. The oven temperature programme was initially 65°C 
and then rose to 300°C at 10°C/min where it was held for 20 min. The temperatures 
o f the injection and detector ports were 325°C and 350°C, respectively. The flow rate 
o f the carrier gas (N2) was 33.4ml/min. and that o f the makeup gas (N2) was 
24ml/min.
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Identification o f the different n-alkanes was made based on the relative retention 
times o f known standards. The ratio o f the peak areas o f the analysed n-alkanes to 
that o f the internal standard (C34) was used to calculate n-alkane amounts in the 
samples.
Statistical analysis
The two-compartment model with gamma-2 age dependency and gam m a-1 age 
independence, abbreviated G2—>G l-»0 or G2G1, described by Ellis et al. (1994) was 
fitted to the faecal excretion data using Genstat 5 (Lawes Agricultural Trust, 1998) 
statistical package. The generated fast rate parameter (A.), slow rate parameter (K2) 
and time delay (Lag) for each o f the four particle pools were used to calculate mean 
retention times o f the four particle pools in the fast and slow turnover compartments 
and in the entire gastrointestinal tract. Mean retention time in the fast turnover 
compartment (M RTi) was calculated as 2/A.; mean retention time in the slow 
turnover compartment (M RT2) was calculated as 1/K2; mean retention time in the 
total gastrointestinal tract (M RTt) was calculated as MRTi + M RT2 + Lag. M RTi, 
MRT2 and M RTt o f the four particle pools were compared by analysis o f variance 
(ANOVA) procedure using the statistical package Genstat 5 (Lawes Agricultural 
Trust, 1998). The data were analysed as a split-plot design, with sheep and period 
intersection as the main plots and particle pools within the sheep and period 
intersection as the subplots.
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Model choice
Several mathematical models are available to fit to faecal or duodenal marker 
excretion curves and yield estimates o f digesta retention times in the whole or in 
various parts o f the ruminant gastrointestinal tract. Some are premised on assumption 
that the ruminant gastrointestinal tract is essentially a one way flow, two 
compartment system which can be mathematically described by a biexponential 
expression with time delay (Blaxter et ah, 1956; Grovum and Williams, 1973). The 
two exponential terms are then used to describe processes in the mixing 
compartments and the time delay to describe movement in the tubular sections o f the 
ruminant tract.
Dhanoa et al. (1985) proposed a model that considers digesta flow through the 
ruminant gut as a multicompartmental exponential process. This model proposes that 
digesta flows from the rumen, abomasum and caecum are likely to be exponential 
processes and events within the rumen are exponential-type processes. They further 
postulated that although digesta movement through the tubular sections o f the gut is 
probably best described by longitudinal diffusion, several exponential components 
could approximate it. This model has the advantage o f allowing for inclusion of 
several compartments, which, it could be argued, is more biologically appropriate to 
describe the multistage processes regulating passage in the ruminal tract. However, 
like the models proposed by Grovum and Williams (1973) and Blaxter et al (1956), it 
assumes instantaneous mixing in the mixing compartments and equal probability of 
escape for digesta particles o f all ages. However, results o f several investigations
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have suggested otherwise. For instance, Evans et al (1973) observed that, with 
passage o f time, digesta in the reticulorumen undergo physical changes which enable 
them to pass to postruminal segments o f the gut. This view was later supported by 
Sutherland (1988), who observed a ruminal floating raft, which, he suggested, 
functions as a discriminating mechanism with high selectivity for large particles. 
Furthermore, Reid (1986) listed as many as 13 events that he suggested are involved 
in the passage o f solid digesta from the reticulorumen to the abomasum.
Models to fit to faecal or duodenal excretion data are usually chosen on the basis o f 
how well they fit the data (Bernard et al., 1998; Dhanoa, 1985; Pond et ah, 1988). 
W hilst this is a valid reason, it should be balanced with how closely the description 
o f its mathematical terms relate to the known biological processes associated with 
digesta movement. Once these are met, relative ease to fit should be the next 
selection criterion because differences in the curve-fitting process can lead to 
conflicting conclusions being made about the same data (Bernard et al., 1998; 
Dhanoa, 1985). Bernard et al. (1998) in their model validation study demonstrated 
that different modelling methods fitted to the same data set could yield similar 
estimates o f mean retention times o f digesta in the various segments o f the gut. 
Lindberg (1985) also found no difference in the mean retention times o f digesta in 
sheep calculated using the methods o f Blaxter et al., (1956) already referred to above 
and the algebraic method devised by Thielemans et al., (1978).
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In this study the two-compartment model with gamma-2 age dependency and 
gamma-1 age independence proposed by Ellis et al., (1979) and Ellis et al., (1994) 
was chosen because it seems consistent with currently held views that with time 
digesta particles in the rumen undergo physical changes like size reduction and 
density increase before their probability o f flow from the rumen increases (Poncet, 
1991).
Assignment o f  physiological processes to model components
The assignment o f physiological processes or anatomical parts to components o f the 
model was based on the hypothesis this study set out to investigate (Figure 1) and on 
suggestions from the results o f other studies that made use o f the model (Pond et al., 
1988; Bernard et ah, 1998). Mean retention time in the fast com partment (MRTi) 
was assumed to be largely accounted for by processes like comminution, hydration 
and microbial colonisation, which feed particles undergo when they first enter the 
rumen. The rest o f MRTi would be accounted for by post-duodenal mixing segments 
o f the gut (Pond et al., 1988). However, it should be noted that there are differences 
among investigators in the way they envisage this parameter (M RTi) to represent 
digestive processes (Mambrini and Peyraud, 1997). For instance, in one study the 
model estimated residence time in post-duodenal mixing segments has been found to 
be o f similar magnitude to the actual residence time large particles spend in a 
rumination pool o f the rumen (Ellis et al., 1994). That suggests apportioning MRTi 
equally between the processes like size reduction and hydration, to which digesta are
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subjected when they first enter the rumen and the digestive processes in post- 
duodenal mixing segments.
Mean retention time in the slow turnover compartment (MRT2) would be descriptive 
o f the residence time o f small and dense (owing to rumination and fermentation) in 
"competition" to leave the reticulorumen (Ellis et ah, 1994). The slow turnover 
compartment is envisaged as the rumen, but residence time in it may include time in 
the hindgut mixing compartments, depending on the type and amount o f digesta mass 
already in the hindgut (Deswysen et ah, 1989). For instance, Ellis et ah (1994) 
observed a residence time o f between 1.5 to 5 h between the duodenum and rectum 
in Holstein steers fed on hay. According to Moore et ah (1992), estimates for this 
compartment should be similar among models which, like itself, assume age- 
independence for particulate rate o f escape from this compartment. M ean retention 
time in the whole tract would be the sum o f the retention times in the fast and slow 
turnover compartments and time delay (lag), the length o f time it took for the marker 
to first appear in the faeces. Lag was envisaged to account for the movement o f 
digesta in the non-mixing tubular sections o f the digestive tract, as proposed by Pond 
et ah (1988).
Digesta entering the rumen is envisaged to be a continuum o f particles from very fine 
to very large, which are conveniently represented in the flow diagram (Figure 1) by 
the small and large buoyant particle pools. With passage o f time, the large buoyant 
particles may undergo hydration and fermentation, which will increase their
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buoyancy, but despite this their probability o f escape will still not be very high until 
they have also undergone comminution to a size small enough to promote their 
passage. Alternatively, they will be comminuted (via ruminative chewing) whilst still 
buoyant, which will still not guarantee the highest probability o f escape until they 
have reached, through hydration, a certain density threshold.
Therefore, according to Figure 1, the large, buoyant particle pool (LB) would have 
the longest mean retention time and the small, dense pool (SD) would have the 
shortest mean retention in the reticulorumen and in the whole tract. The intermediate 
pools, the large, low buoyancy (LD) and small, buoyant (SB), would have 
intermediate retention times in the reticulorumen and the whole tract. Differences in 
the derived mean retention times o f the 4 particle fractions would be used to validate 
the hypothesis conceptualised in Figure 1.
92
Intake
Figure 1. Schematic representation o f digesta kinetics in the rumen
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Results
The comparison o f feed degradation parameters from in vitro gas production when 
various amounts o f hexatriacontane (C36) were used to coat 1 gram o f ground hay is 
presented in Table 1. The asymptotic gas production from the fermentation o f soluble 
carbohydrates (parameter A), the asymptotic gas production from the fermentation of 
NDF (parameter B) and the fractional rate o f gas production per hour (parameter C) 
were not significantly different for the 4 amounts o f C36 used. There was also no 
apparent difference between the lags (phases before the fermentation o f NDF begins) 
o f the hay fractions coated with 0, 12 or 24 mg o f C36 . However, the lag phase o f the 
hay fraction coated with 60mg o f C36 was significantly longer (p<0.005) than those 
o f the fractions coated with 0  and 1 2  mg, but not significantly longer than that o f the 
fraction coated with 24 mg.
Gas production experiment
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Table 1. Comparison o f degradation parameters o f ground grass hay coated with 
various amounts o f hexatriacontane (C36) per gram o f hay («=3).
Parameters
Alkane amount A (cm3) B (cm3) C (/h ) Lag (h)
0  mg 13.41a 41.633 0.0418a 4.27a
1 2  mg 12.583 41.533 0.04123 4.27a
24 mg 13.50a 40.673 0.03873 4.77ab
60 mg 12.083 41.833 0.03873 5.23b
SED 1.29 3.98 0.00274 0.30
For each parameter means with different superscripts within the same column differ 
significantly (P<0.05).
Rates o f  passage experiment
The mean retention times o f the four alkane-marked particle pools, the large buoyant,
small buoyant, large dense and small dense, in the fast turnover compartment, in the 
slow turnover compartment and in the whole gastrointestinal tract o f  the sheep are 
tabulated in Table 2. The large dense particles were held for the longest time 
(16.48h) in the fast turnover compartment and their retention time was significantly
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longer (p<0.05) than the retention times o f the other particle pools in this 
compartment. The small dense particle pool was held for the shortest period (1 1.69h) 
in the fast turnover compartment and this retention time was significantly shorter 
(p<0.05) than that o f the large buoyant pool, but not significantly shorter than that of 
the small buoyant pool. The mean retention times o f the large and small pools were 
not significantly different from each other.
In the slow turnover compartment, the mean retention times o f the large buoyant, 
small buoyant and small dense particles were not significantly different from one 
another (Table 2). However, the retention time o f the large dense fraction, which was 
longest at 20.98h, was significantly longer (p<0.05) than those o f the large buoyant 
and small buoyant fractions, but not significantly different from that o f the small 
dense fraction.
In the whole tract, the mean retention time o f the large dense pool was 58.08h and 
this was significantly longer (p<0.05) than the mean retention times o f the other 
labelled particle pools. The small buoyant fraction had the shortest retention time at 
46.50h, but this retention time was not significantly longer than that o f the small 
dense fraction (49.58h). The retention time o f the small dense was in turn not 
significantly different from that o f the large buoyant fraction (57.75h), but the large 
buoyant fraction was held for significantly longer than the small buoyant fraction.
In order to facilitate the validation o f the proposed model (Figure 1), the mean 
retention times o f the particle pools shown in Table 2 were resolved so that they
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could bring to bear the effects o f size and buoyancy on the length o f retention o f the 
particle fractions in the two compartments (fast turnover and slow turnover) and in 
the whole tract, and whether these were subject to dietary effects. However, the 
combined effects o f both size and buoyancy were addressed in the discussion.
Table 2. Mean retention times (h) o f the large buoyant, small buoyant, large dense 
and small dense particles in the slow turnover compartment (M RTi), fast turnover 
compartment (M RT2) and the whole gastrointestinal tract (MRTx) (n=8 )
Particle pool
Parameter Large buoyant Small buoyant Large dense Small dense SED
MRTi 14.20a 12.70ab 16.48° 11.69b 0.983
m r t 2 18.25a 17.63a 20.98b 19.07ab 1.038
M RT j 51.75b 46.50“ 58.08° 49.58ab 1.215
Mean retention times with different superscript letters within a row are significantly 
different (p<0.05)
The effect o f  particle size on mean retention time
In Table 3 the means o f the mean retention times in the fast turnover compartment 
(MRTi), slow turnover compartment (MRT2) and total tract (M RTt) for the large and 
small fibre particle pools are given. The small particle pool had a significantly
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(p<0 .0 0 1 ) shorter retention time in the fast turnover compartment than the large 
particle pool. In addition, there was a significant (p<0.005) diet and particle size 
interaction for M RTi, which suggested that the difference in MRTi between the two 
particle pools was more pronounced when the sheep were fed on hay. The large and 
small particles were held for 12.3 and 11.59 h respectively when the sheep were fed 
on grassnuts compared to 18.38 and 12.80 h when they were fed on hay (Table 4).
There was no significant difference in the time the large and small particle pools 
were held in the slow turnover compartment (Table 3). However, there was a 
significant (p<0 .0 0 1 ) diet and particle size interaction in M RT2 such that the large 
particles were held 5 h longer than the small particles when the sheep were fed on 
grassnuts (Table 4). In contrast, the small particles were held 2.5 h longer when the 
diet was hay.
There was a significant (p<0.001) difference in retention time in the whole 
gastrointestinal tract between the large and small particle pools (Table 3). The large 
particles were retained almost 6  h longer than the small particles in the 
gastrointestinal tract. There was however no significant influence o f diet on the 
retention time o f the fibre particles in the whole tract
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Table 3. Mean retention time (h) in the fast turnover compartment (M RTi), slow 
turnover compartment (M RT2) and total tract (M RTt) for large and small particles 
(«=16)
Mean retention times (h)
Particle size MRTi m r t 2 M RTt
Large 15.34 19.62 54.91
Small 12.19 18.35 48.04
SED 0.695 0.734 0.859
Table 4. The influence o f diet on MRTi and M RT2 (h) o f large and small particles 
(«=8 )
Particle size MRT, (h) SED M RT2 (h) SED





Small 12.80 11.59 23.99 12.71
SED '1.297 '4.519
'For comparing between diets within each MRT
2For comparing within diet within each MRT
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The effect o f  particle buoyancy on mean retention time
Mean retention times in the fast turnover compartment (M RTi), slow turnover 
compartment (M RT2) and total tract ( M R T t ) for buoyant and non-buoy ant particles 
are presented in Table 5. There was no significant difference in the length o f time the 
buoyant and non-buoyant particle pools were held in the fast turnover compartment. 
There was also no apparent dietary influence on the M RT 1 o f the particles. There was 
however a significant (p<0.05) size and buoyancy interaction (Table 6 ). The large 
particles o f the dense fraction had a 5h longer MRTi than the smaller ones o f the 
same fraction. In a similar manner, the large particles o f the buoyant pool were 
retained 1.5 h longer than the small particles.
The non-buoyant particles were retained in the slow turnover compartment 2 h 
longer (p<0.05) than their buoyant counterparts (Table 5). There was however no 
significant interaction between buoyancy and diet in M RT2
There was a significant (p<0.001) particle buoyancy effect in the whole tract such 
that the non-buoyant pool remained in the tract 4.71 h longer than the buoyant pool 
(Table 5). There was no significant diet and buoyancy interaction in M RTt
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Table 5. Mean retention time (h) in the fast turnover compartment (M RTi), slow 
turnover com partment (M RT2) and total tract (M RTj) for buoyant and non-buoyant 
particles (n=16)
Parameter
Particle buoyancy MRTi m r t 2 MRTt
Buoyant 13.45 17.94 49.12
Non-buoyant 14.08 2 0 . 0 2 53.83
SED 0.695 0.734 0.859
Table 6. M ean retention time (h) o f buoyant and non-buoyant large and small fibre 
particles (n=8 ) in the fast turnover compartment
Mean retention time (h) SED







The in vitro gas production technique has been used to determine the kinetics o f 
ruminant feedstuff degradability from gas produced by samples o f feedstuffs that are 
fermented in buffered rumen fluid kept at 39 °C (Menke et al., 1979; Pell and 
Schofield, 1993). Based on the pattern o f its fermentative gas production, 
degradability kinetics and apparent in vivo digestibility o f a feed can be predicted 
(Menke et al., 1979; Romney et al., 1998). Blummel and 0 rskov  (1993) found the 
total gas produced by their gas production system to be correlated with DM intake, 
digestible DM intake and animal growth rate. Because o f  these attributes and that the 
technique is inexpensive and not labour-intensive, it was adopted to investigate the 
effects o f coating feed particles with increasing amounts o f alkanes on in vitro 
degradation characteristics.
The results o f this study suggested that up to 24 mg o f alkane could be used to coat 1 
gram o f feed without significantly affecting the measured degradation parameters of 
the feed. Coating 1 gram o f feed with 60 mg did not seem to affect the amount o f gas 
produced in the first 4 h, the total amount o f gas produced and the rate o f gas 
produced. Although the lag phase o f the grass hay coated with 60 mg o f alkane was 
slightly longer than those o f the feeds coated with 1 2  mg o f alkane or uncoated, it 
was not significantly longer than the lag phase o f grass hay coated with 24 mg. It was 
therefore concluded that using up to 50 mg o f alkane to coat 1 gram o f fibre particles 
would not appreciably alter their kinetics in the ruminant gastrointestinal tract,
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particularly for purposes o f comparing passage rates o f different particles, provided 
they are all marked with the same concentration o f alkane.
Rates o f  passage
The effect o f  particle size on mean retention time
The longer mean retention o f the large particles than o f the small particles in the fast 
turnover compartment (Table 4) found in this experiment is in agreement with the 
general observations by similar studies that mean retention time increases with an 
increase in particle length (Poppi et ah, 1980; Murphy and Kennedy, 1993; Welch, 
1982; Ellis et ah, 1994). The longer retention time for the large particles could be 
attributed to the time it took to reduce them to a size small enough to allow easy 
passage through the reticulo-omasal orifice (Mambrini and Peyraud, 1997). Evidence 
o f particle reduction during passage was also presented in a study to compare digesta 
particle size distribution in the reticulorumen, omasum and abomasum o f sheep fed 
on two alfalfa hay varieties and four grass hay types (Troelson and Campbell, 1968). 
They found a higher proportion o f coarse particles in the reticulorumen than in the 
other compartments. Bernard et al. (1998) evaluated 3 curve-fitted models, including
103
the one used in this study, against an algebraic method and found longer mean 
retention times for thulium (Tm)-labelled chopped than ytterbium (Yb)-labelled 
ground ( 8  mm screen) orchardgrass hay in the stomach and whole tract o f sheep. 
They estimated comminution time o f large particles in the rumen to be the difference 
between the retention time o f the small particles and the retention time o f the 
chopped hay and found this to be 15.9 h when estimated from faecal data. I f  the same 
method is employed when the sheep were fed on hay in the present study, 
comminution time for the large particles is 5.6 h, which is much shorter than the 15.9 
h reported by Bernard et al. (1998). Chopping, as was done Bernard et al. (1998), 
would be expected to produce larger particles which would take longer to comminute 
than milling through a 6  mm screen, hence the discrepancy in the comminution time 
estimates o f the two studies.
Particle size reduction due to ruminative chewing is influenced by factors like plant 
characteristics, time after feeding and level o f intake (Kennedy and Doyle, 1993; 
Murphy and Kennedy, 1993). One or more o f these factors could have caused the 
difference in the MRTi values o f the two studies. Furthermore, that the two particle 
fractions were marked with 2  different rare earth markers, could have conceivably 
altered the behaviour o f the particles they were intended to mark (van Soest et al., 
1988) and influenced mean retention times differently. In contrast, Mambrini and 
Peyraud (1997) who also used rare earth markers, estimated that the difference in 
mean retention times o f long and ground hay in the whole tract o f dairy cows to be 7
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h and attributed this difference to the time needed to reduce the long forage to the 
length o f the ground particles.
In this study the large and small particles were held in the fast turnover compartment 
for 12.3 and 11.59 h, respectively, when the sheep were fed on grassnuts compared 
to 18.38 and 12.80 h (Table 4) when they were fed on hay. A longer mean retention 
time for fescue hay compared with a commercial pelleted diet were also found by 
Moore et al. (1992) who investigated the influence o f different markers and models 
on digesta passage rates when sheep were fed on either o f the two diets. The longer 
retention o f the large particles when the sheep were fed on bailed hay could be due to 
their entrapment in the floating raft proposed by Sutherland (1988), which forms in 
the rumen after ruminants have consumed fibrous feed like hay. In the case o f the 
present study, pelleting o f the grass (grassnuts) may have eliminated or reduced the 
formation o f the floating raft and thus allowing a higher rate o f escape for large 
particles that would otherwise be entangled in the raft (Van Soest et al., 1988; 
Kennedy and Doyle, 1993).
Alternatively, pelleting (grassnuts) may have enhanced the intake o f grass by the 
sheep and as a consequence the rates o f passage o f all feed residues associated with it 
(including the large marked particles) increased (Okine and M athison, 1991). 
According to Luginbuhl et al. (1990), citing earlier work, reducing dry matter intake 
o f Coastal bermudagrass by steers to 50% of ad libitum level increased 
gastrointestinal tract retention time o f masticated boli, leaves and stems by 24, 22
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and 25 h, respectively, when compared with near ad libitum feeding. Further, Blaxter 
et al. (1956) compared the digestibilities and retention times o f long dried grass, the 
same grass medium ground and cubed and finely ground and cubed in the digestive 
tracts o f sheep fed at different levels o f intake. Results indicated that the cubes of 
dried grass passed along the tract more quickly than the long material and that 
increasing intake level also resulted in an increase in the passage rates o f the grasses. 
Therefore the small difference between the mean retention times o f the large and the 
small particles when the sheep were fed on grassnuts was not inconsistent with lower 
retention o f large particles, having escaped rumination and raft entrapment, that is 
sometimes shown with higher intake (Van Soest et al., 1988).
However, grinding o f feedstuffs may increase their retention time in the digestive 
tract. For instance, unlike in the present study, Faichney (1983) found that grinding 
and pelleting lucerne hay increased the mean retention times o f  solutes and of 
particle-associated marker in the rumen o f sheep. Similar findings were also reported 
by W eston and Hogan (1967) who observed a reduction in the flow rate of 
particulate matter and o f water from the rumen o f limited-fed sheep when chopped 
lucerne was replaced by an equal amount o f ground lucerne. This reduction in the 
flow rate o f particulate matter from the rumen was attributed to a possible increase in 
organic matter content o f digesta in the reticulum, which slows flow to the omasum 
when ground feeds are given.
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Further support for the size reduction theory in the fast turnover compartment is lent 
by the lack o f significant difference in MRT2 o f the large and small particles (Table
3), which, in line with the proposed model, would suggest that the particles in the 
slow turnover compartment were mostly equal in size (small). However, the diet and 
particle size interaction in M RT2 , such that the large particles were held 5 h longer 
than the small particles when the sheep were fed on grassnuts while the large 
particles were held only 2  h longer when the sheep were fed on hay is difficult to 
explain. Theoretically, in this compartment, particles have been reduced to a size 
small enough to allow passage and all have an equal probability o f passage through 
the reticulo-omasal orifice (Ellis et al., 1994). However, even with those particles 
considered to be eligible in terms o f size for passage from the reticulorumen, passage 
rates can differ substantially (Murphy and Kennedy, 1993). Evidence for possible 
existence o f another sorting mechanism beyond the reticulorumen, by which large 
particles were selectively retained and returned to the reticulum, was observed by 
M cBride et al. (1984) in a cow fed alfalfa hay and by W aghom et al. (1986) in sheep 
fed chaffed lucerne. Therefore some large particles which may have escaped rumen 
entrapment as a result o f feeding grassnuts could have been selectively returned to 
the reticulum or retained in the omasum and hence the longer M RT2 . The small 
particles, on the other hand, passed through relatively unhindered.
The large particles were retained 7 h longer than the small particles in the whole 
gastrointestinal tract (Table 3). This result was not unexpected and is consistent with 
differential retention for large and small particles reported by Quiroz et al (1988)
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with goats fed Coastal bermudagrass or orchardgrass hay and by Linberg (1984) with 
sheep given hay and a concentrate diet at maintenance feeding level. Differential 
mean retention times o f the large and small particle fractions in the whole tract 
should be mainly accounted for differential retention times o f these two fractions in 
the fast turnover compartment, which, according to the model proposed here, takes 
place mainly in the reticulorumen and the caecum-colon. The relative contribution of 
each o f these mixing segments to the MRT] may be almost equal (Pond et al., 1988; 
Bernard, 1998) or the reticulorumen may account for most o f MRTi (Ellis et al., 
1994). However, because there was no duodenal sampling done in this study, 
resolving the estimated MRTi into retention times in each o f the mixing segments 
would be difficult and no attempt was made to partition M RTi between these 
anatomical parts. Therefore the difference o f 3 h between the retention o f the large 
and small particles accounts reflects collective particle comminution in the mixing 
compartments. If  that were the case, and the results o f this study suggested that there 
was no significant difference in the MRT2 o f the large and small particle fractions, 
then the 7 h difference in the M R Tj o f the large and small fractions suggests a 
further 4h delay o f the large particles in the tubular segments o f the tract. Such a 
differential delay was unexpected as the influence o f size on particulate flow is less 
important in the postruminal segments o f the gut (Murphy and Kennedy, 1993; 
Kaske and Engelhardt, 1990), unless there were substantial differential mean 
retention times for different digesta, as was proposed by Barry et al. (1985).
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The difference could be due to the involvement o f a density- and size-related sorting 
mechanisms, particularly in the omasum and abomasum, gut segments not thought to 
contribute much to gut retention time. It has been shown that small particles undergo 
a higher rate o f density change than large particles (Hooper and Welch, 1985) and 
this differential density change could have delayed the first appearance o f the large 
particles in the faeces. However, Campling and Freer (1962) observed a slower 
passage rate postruminally as density increased. It may also be due to deviations of 
biological systems from the ideal mathematical assumptions o f continuous flow and 
instant mixing in the system. For instance, defecation is not always regular and this 
can influence retention in the whole tract or first appearance o f marker in the faeces. 
Also, passage o f small particles may be accelerated during eating (Kennedy and 
Doyle, 1993; Ellis et al., 1999) and under ad libitum feeding conditions, which can 
be a source o f variability
The effect o f  buoyancy on mean retention time
The results o f this study did not suggest any discernible overall effect o f buoyancy 
on the mean retention time o f the particles in the fast turnover compartment (Table 
5). Such a result contradicts the postulation made by Kaske and Engelhardt (1990) 
that rates o f passage in sheep are influenced more by particle density than by particle 
size. By contrast the result supports the findings o f Kennedy (1995) who observed no 
obvious effect o f buoyancy on the rate o f passage o f particles out o f the rumen of 
swamp buffaloes and cattle. For this study, however, that result was unexpected as
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the particle fractions labelled non-buoyant were expected to be dense as a result of 
soaking for 7 days in rumen fluid. The density acquired by the particles was not 
quantified, but published data suggest that it would have been about 1.3g/ml (Hooper 
and Welch, 1985) or 1.5 g/ml (Evans, 1973). This density would be at or slightly 
higher than the upper limit o f the density range that has been observed to promote the 
most rapid particulate passage by many studies (Kaske and Engelhardt, 1990; 
desBordes and Welch 1984; Murphy et al., 1989). Thus incubating the feed particles 
for as long as they were in the present study may have made them too dense for rapid 
flow from the rumen once they had hydrated. As a consequence the time it took them 
to finally exit the reticulorumen was similar to the time it took the unincubated 
fraction to undergo the time-dependent ruminal processes which increase their 
density and thus their probability to escape out o f the reticulorumen.
There are other possible reasons to explain the apparently similar rates o f  passage for 
the buoyant and non-buoyant fractions in the fast turnover compartment. MRTj 
represent compartmental mixing flow in the rumen as well as in the postruminal 
segment as was suggested by the results o f Pond et al. (1988) who reported about 40 
% longer MRTi estimates from duodenal than from faecal excretion curves o f cows 
fed mainly chopped or pelleted straw. Without marker concentration data from other 
parts o f the digestive tract it would be difficult to accurately resolve this mean 
retention time into the times spent in each compartment. Furthermore, MRTi is 
closely related to time delay such that an overestimation o f either param eter results in 
an underestimation o f the other (Ellis et al., 1994), which means that difference in
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MRTi between large and small particles could have been masked by inaccuracies in 
estimating time delay. Similar difficulties have been reported by other investigators 
(Lalles et al. 1991); Faichney and Griffiths (1978) resolved to combine the estimates 
o f the two parameters. It was difficult to fit models to a few o f the excretion curves 
and the curves that fitted gave similar rates o f exit for both slow and fast turnover 
compartments, a scenario which, according to Pond et al. (1988), violates the 
assumptions o f the G l-» G 2 -» 0  model and casts a doubt on the generated estimates. 
Maybe for those curves another model should have been sought as was suggested by 
Quiroz et al. (1988), but that would have made comparison between estimates even 
more difficult.
The effect o f buoyancy on particle mean retention time was more noticeable in the 
slow turnover compartment and in the whole tract (Table 5). The effect o f buoyancy 
also came through in the size and buoyancy interaction in the fast turnover 
compartment (Table 6 ), such that for the non-buoyant fraction the large particles had 
a much longer retention time than the small ones, whereas for the buoyant fraction 
the large and small particles had similar retention times. As previously stated, the 
purpose o f  incubating the non-buoyant pools in rumen liquor was to increase their 
specific gravity so as to facilitate their movement along the digestive tract. It would 
appear therefore that the dense particles, on entering the reticulorumen quickly 
sedimented to the bottom. The large particles, hampered by their large size, could not 
easily go through the reticulo-omasal orifice. Their high density which meant that 
they sank to the bottom o f the reticulorumen also made them less likely to be
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aspirated to the mouth for ruminative chewing and thus size reduction which would 
promote their chances o f passage through the orifice. The predominant size- 
decreasing mechanism to which they (large dense) were subject was detrition, which 
is a slower process than ruminative chewing. Therefore the onward passage o f the 
incubated large particles was hindered by both size and density, hence the 5h 
difference in MRTi between the large and small particles o f the non-buoyant fraction 
(Table 6 ). In contrast, the LB fraction, because o f its low density, did not separate 
from the main floating digesta mass and was aspirated into the mouth for ruminative 
chewing and attained the optimum density, which made it to have a shorter MRT i 
than the LD fraction.
If MRTi is assumed to largely represent processes like size reduction, hydration and 
density increase, which particles undergo on entering the reticulorumen, then the 
small non-buoyant particle (SD) pool would be expected to have a shorter MRTi 
than the larger particle (LD and LB). However, the results o f this study suggest that 
MRTi for the large and small buoyant pools approximated that o f the small non- 
buoyant pool, which implies that the onward movement o f the small non-buoyant 
particles was also somewhat hindered by unanticipated processes. A possible cause 
o f that delay is that on hydration the SD increased density beyond the optimum range 
for easy passage through the reticulo-omasal orifice. Beside the short time required 
for their hydration, their MRTi would then be accounted for by the amount o f time 
needed to take them from where they were deposited to where they sedimented in the
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rumen and finally to a favourable position in then reticulum for onward travel to the
omasum.
The result o f a shorter MRTi for the large buoyant than for the large non-buoyant 
pool (Table 6 ) was not expected because incubation was meant to increase density 
and consequently rate o f passage, but similar results have been reported with 
mordanted fibre in cattle elsewhere. For instance, Ehle et al. (1984) and Ehle (1984) 
reported an increase followed by a decrease in ruminal passage rates o f alfalfa fibre 
particle densities in Holstein cows, when increased by mordanting with increasing 
concentrations o f chromium. Campling and Freer (1962) concluded that although 
plastic particles o f specific gravity o f 1.40 readily separated from the main mass of 
digesta were not as readily transported in the liquid digesta leaving the reticulo- 
rumen.
Another possible explanation for the buoyancy and size interaction in the fast 
turnover compartment could be that the large and small particle pools o f the buoyant 
fraction may not have been as well defined as those o f the non-buoyant fraction. The 
non-buoyant fraction, after harvesting from rumen liquor, was strained in two layers 
o f muslin and rinsed repeatedly in cold water, which would have washed out most 
fine particles in both fractions and left no continuum between the two sizes. The 
large buoyant fraction could have had finer particles than were intended, which could 
have migrated ahead o f the large buoyant fraction and masked size effects in this 
fraction (Faichney et al. 1989). Also, the rate o f change o f specific gravity in vitro
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was shown to be related to particle size, with small particles changing more quickly 
than large particles (Hooper and Welch, 1985). Therefore in well-defined large and 
small fractions, as was the case with the fermented particles, the difference in the 
flow rate o f large and small particles possibly reflects more than in the less well- 
defined non-fermented fraction the differential sedimentation rates between large and 
small particles.
Suitability o f  alkanes as markers fo r  rates ofpassage o f  solid digesta
The most commonly used methods for measuring passage rates involves 
administration o f indirect markers (Faichney, 1993). Criteria for the ideal marker 
have been suggested and include inertness, noninterference with the digestive or 
physiological processes, physical similarity to or intimate association with the 
fraction to be marked, recoverability and easy quantification (Kotb and Luckey, 
1972; Faichney, 1993). However, none o f the markers in use today meets all the 
desirable characteristics (Dove and Mayes, 1991). Although the results o f the gas 
production and passage rate experiments reported here do not prove that alkanes 
meet all the criteria for the ideal marker, they go along way towards proving the 
superiority o f alkanes as markers for estimating solid digesta passage rates.
The results o f the in vitro gas production study suggested that attaching up to 24 mg 
o f alkane per gram o f forage compared favourably with not treating because the 
measured degradation parameters o f the alkane-coated feed (up to 24 mg) were not
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significantly different from those o f the untreated forage (Table 1). Coating 1 gram 
o f feed with 60 mg o f C36 did not seem to affect the amount o f gas produced in the 
first 4 h, the total amount o f gas produced and the rate o f gas produced. However, the 
lag phase o f the forage coated with 60 mg was longer than those o f the fractions 
coated with 0  and 1 2  mg, but not significantly longer than that o f the fraction coated 
with 60mg. This would seem to suggest that up to 24 mg o f alkanes can be safely 
used to mark 1 gram o f forage without compromising the degradation characteristics 
o f the feed that are measurable by the in vitro gas production technique, which would 
lend credence to the suitability o f alkanes as markers for investigating solid digesta 
passage rates.
Another characteristic that influences the digestion kinetics o f digesta in the digestive 
tract is buoyancy or density. The amount o f alkanes (up to50 mg per gram o f forage) 
used here are unlikely to alter appreciably the density and thus the passage rate o f the 
forage to which they are attached.
The results o f these experiments could not conclusively prove that alkanes stick and 
remain attached to the particles to which they were attached. However, after the 
forage was coated by soaking in alkane solution, the alkane-coated forage was oven- 
baked at 100°C for 1 hour to melt the alkanes into the forage. This oven treatment 
should have rendered the alkanes intimately attached to the forage particles.
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There was also no obvious evidence o f alkanes dissociating from the particle fraction 
to which they were originally attached and migrating to other fractions. Four particle 
pools expected to have different kinetics (due to different physical characteristics) in 
the gastrointestinal tract were coated with four different alkanes and dosed to the 
sheep, and all the four alkanes were detectable in the faeces and the results suggested 
differences in the kinetics o f the four particles pools in the digestive tract. Although 
not conclusive, these results would seem to suggest that the attached alkanes did not 
migrate to particles to which they were initially not attached. This result would also 
suggest that the alkanes remained associated with the particles to which they were 
originally attached even after comminution due to ruminative chewing and detrition.
Several questions regarding the use o f alkanes as markers for estimating solid digesta 
rates o f passage have not been answered by the results o f the study reported here. For 
instance, how alkanes o f different chain length would behave in the gastrointestinal 
tract and how a difference in behaviour would influence passage rates. One way of 
investigating that would be comparing the passage rates o f each o f the four particle 
pools after coating with alkanes o f different chain length.
Conclusion
Although the results o f this experiment do not fully validate the proposed model of 
solid digesta kinetics in the rumen (Figure 1), they reinforce the model expectation 
that small particles would pass faster than large particles along the digestive tract. 
The role o f diet in influencing digesta movement was brought out, such that on the
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ground diet (grassnuts) differences between the large and the small particles were not 
as pronounced as they were when the sheep were fed on hay. There are two probable 
reasons for this. On the one hand, is more prolonged entrapment o f the larger 
particles in the floating digesta mat which forms after ruminants have eaten fibrous 
feeds like hay. On the other, is higher dry matter intake resulting from milling and 
pelleting (grassnuts), which usually promotes rapid rates o f passage o f digesta and no 
fibrous mat formation. This scenario would promote a higher rate o f passage of 
particles which would otherwise be held in the raft when there is one. Therefore the 
findings o f this study are consistent with the expectation that digesta particles have to 
be broken down to some threshold size o f fineness before passing from the rumen, 
but diet type may modify the rate o f passage (Van Soest et al., 1988; Wilson and 
Kennedy, 1996).
In agreement with the proposed model the results o f this study suggested the 
involvement o f specific gravity in particle passage, but not in the manner depicted in 
the model. Incubating fibre particles in rumen liquor appears to have made them too 
dense to readily migrate out o f the reticulorumen ahead o f the non-fermented 
particles; instead their passage was retarded so much so that the non-fermented 
particles passed more rapidly out o f the rumen and in the whole tract. It would be 
interesting to measure the specific gravities o f particles that have been incubated in 
rumen liquor for varying lengths o f time.
Another possibility is that fermentation in rumen liquor should have depleted the 
digestible material in the non-buoyant fractions and therefore the buoyant and non-
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buoyant fractions should have been chemically dissimilar. The capacity o f forages to 
absorb water and increase in density is related to their chemical characteristics 
(Martz and Belyea, 1986). Forages with a high content o f structural material like 
cellulose and lignin are expected to hydrate slower than high quality forages (Martz 
and Belyea, 1986). It is therefore plausible that the fermented material used in this 
study resisted hydration and thus density increase because lignin, which has a low 
affinity for water, was the predominant material left in them after fermentation in 
rumen liquor. Consequently, the non-fermented fractions may have rehydrated, 
increased in density and passed faster than the fermented particles.
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C H A P T E R  6  
Introduction
Voluntary intake o f roughages by ruminants is modulated by many interrelated 
animal and feed factors, such as the physiological state o f the animal and the 
chemical and physical nature o f the roughage source. Ruminants are able to vary 
rumen capacity and particle outflow rates and thus intake according to physiological 
need. For instance, lactating cows increase rumen fill and passage out o f the rumen 
o f feed residues in order to meet the higher nutrient and intake demands o f lactation 
(Ellis et ah, 1999).
Animals o f different ages would be expected to have different physiological needs 
and thus food intake requirements. Intake-related attributes like bite mass have been 
found to be allometrically related to animal body mass (Illius and Gordon, 1999), but 
there are limited data which relate intake attributes to changes in animal body mass 
within species. There are also mechanistic models which integrate animal size and 
feed characteristics to predict food intake by ruminants, e.g. Illius and Gordon 
(1991), but these have not been validated using a range o f animal sizes within a 
species. It would also be beneficial to modelling to delineate how intake-related 
attributes like rumen fill and passage rates o f particles o f various characteristics 
change in relation to changes in body mass as animals grow. The objectives o f this 
experiment were thus to compare 1 ) the passage rates o f fibre particles o f two sizes 
and two densities in the gastrointestinal tracts o f four sizes o f a tropical cattle breed, 
Criollo and the rates o f passage o f the same fibre particles in the mature tropical
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breed against a similarly sized Criollo X Holstein cross and 2) the voluntary dry 
matter intake and gutfdl in the afore-mentioned cattle sizes and genotypes.
Materials and methods
Animals and feed
Passage rates and intake
Sixteen Criollo bulls were arranged by weight into 4 groups o f 4 animals. The first 
group (Group 1) had an average weight o f 87.5kg, the second (Group 2) had an 
average weight o f 146.25kg, the third (Group 3) had an average weight o f 3 10kg and 
the fourth (Group 4) had an average weight o f 446kg. An additional group o f 4 
Holstein X Criollo bulls (Group 5) o f average weight 445kg was used for breed 
comparison with Group 4. Groups 1 and 2 were mainly grazing Brachiaria 
decumbens in a 2  ha plot away from their mothers, but were allowed to suckle for 
about lh  after milking in the morning and in the afternoon. All the other groups were 
also grazing Brachiaria decumbens in a separate 7.5 ha plot.
Dose preparation
Passage rates
Two portions o f Brachiaria decumbens from the same plot in which Groups 3, 4 and 
5 were grazing during the trial were previously harvested and hayed before grinding 
through a hammer mill, one to pass through a 1 mm screen and the other to pass 
through a 6  mm screen. The fraction that was ground through a 1 mm screen, which 
was labelled the small, buoyant pool (SB), was marked with n-octacosane (C2 g) at a
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concentration o f 50 mg o f C28 per gram of hay. The results o f a gas production study 
(Chapter 5) suggested that perhaps up to 50 mg o f alkane could be used to mark 1 g 
o f feed without adversely affecting the in vitro degradation characteristics o f the 
feed. The marking was achieved by dissolving the required amount o f n-alkane in n- 
heptane heated to 80°C and soaking the hay in the n-alkane solution while 
continually stirring for about 15 minutes. The hay was then dried in a fume cupboard 
for at least 24h to evaporate the n-heptane and oven-baked at 100°C for lh  to melt 
the n-alkanes into the hay.
About 1/4 o f the hay ground through a 6mm screen, which was labelled the large, 
buoyant pool (LB), was marked with n-hexacosane (C26) using the same procedure 
used to mark SB. The remainder was incubated for 120h in a mixture o f 1 part 
strained rumen liquor and 3 parts buffer solution (Menke et al., 1979) contained in 
flasks stoppered with fermentation locks and kept in a water bath at 39°C. The flasks 
were shaken 4-6 times a day. As a general guide, about 800ml o f  the rumen liquor 
and buffer solution mixture were enough to incubate 15 grams o f grass. At the end o f 
the incubation period the rumen liquor was strained out through 2 layers o f muslin 
and discarded while the hay was collected and oven-dried at 60°C for 48 hours 
before it was separated into two approximately equal fractions. One, which was 
labelled the small, dense pool (SD) was ground to pass through a 1mm screen in a 
hammer mill and then marked with n-dotriacontane (C32); the other, which was 
labelled the large, dense pool (LD) was marked with n-triacontane (C30) without 
grinding. Both fractions were marked with n-alkanes following the same procedure
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used for the unfermented hay and were also marked at the concentration o f 50 mg of 
alkane per gram o f hay.
Intake
The bulls were dosed with n-hexatriacontane (C36) impregnated into a cotton filter 
prepared as described below.
Cotton filters were loosened by gently rolling between finger and thumb and placed 
in aluminium foil trays which were later placed in oven at 100°C for 30 minutes. A 
stock solution o f n-hexatriacontane (C36) in n-heptane at a concentration o f lg  per 
10ml was prepared in a volumetric flask. The flask was placed in a water bath at 
60°Cand shaken until the all the alkane dissolved. About 200ml at a time were 
transferred into a smaller flask suspended in the water bath by the neck, using a 
clamp and a retort stand. An aliquot o f the alkane solution enough to carry 200mg 
(2 ml) o f alkane was carefully dispensed with a positive displacement pipette onto 
each filter, ensuring that the solution was absorbed into the filter. The filters were 
placed in a fume cupboard overnight to evaporate the solvent and the next day they 
were placed in an oven at 100°C for 20 minutes to melt the alkane into the filters. 
The same method was used to impregnate smaller filters for Group 1 with lOOmg 
(lm l) o f hexatriacontane per filter.
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Dosing and faecal sample collection
Passage rates
Ten grams (marked with 500mg o f n-alkane) o f each o f the four particle pools were 
weighed into tissue paper and dosed once orally to Groups 3, 4, and 5; group 1 and 2 
were dosed with 5 grams (marked with 250mg o f n-alkane). Faecal grab samples 
were collected first before dosing and thereafter at 6  hourly intervals for 106 h and at 
1 2 -hourly intervals until 138 h.
Intake
Each animal in Groups 2, 3, 4 and 5 was dosed orally once a day (at 06:00) over a 12 
day period with 400mg (2 X 200mg) o f n-hexatriacontane (C36) impregnated into a 
cotton filter. Animals in Group 1 were dosed in the same manner but with 200mg (2 
X lOOmg) o f n-hexatriacontane. From day eight faecal grab samples were collected 
at 6  hourly intervals for five days from each bull (these were the same samples 
collected for passage rates measurement in the same period),
Extraction o f faecal and dose samples
Passage rates
The collected faecal samples were oven dried at 60° C for 48 hours and then ground 
in a coffee grinder before extraction and purification. For each bull an aliquot o f the 
ground faecal sample from each collection period was extracted and purified as 
described by M ayes et al. (1986), with the modifications that duplicate 0.5g samples 
were directly heated in ethanolic potassium hydroxide and 7ml o f heptane were used
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as the solvent. To determine the amounts o f n-alkane in the dose, duplicate lg  
subsamples o f hand-plucked samples from each o f the two grazed plots and samples 
from the four particle pools were extracted the same way as faeces except that about 
50% more solvent and water than in faecal extraction were used. The final eluates 
were analysed for alkane amounts by gas chromatography.
Intake
Faecal and hand plucked samples taken from each o f the two grazed plots were 
extracted the same way as in the passage rates method. Several filters from each of 
the two batches ( 1 0 0  mg and 2 0 0  mg) that were used for dosing the bulls were 
extracted to determine the average amount that was adsorbed onto each filter. The 
method involved slicing three pellets and boiling them, together with lOOmg of 
internal standard (C34), under reflux in 100ml o f heptane for lh  (Mayes unpublished 
protocol). After partial cooling to about 60°C an aliquot was taken and analysed by 
gas chromatography.
Chromatographic analyses
Passage rates and intake
The samples to be analysed were injected onto a capillary column (Hewlett Packard 
(HP) .5 Crosslinked Phenyl Methyl Silicone, 50m X 0.32mm X 0.17pm ) in a model 
HP6890 gas chromatograph fitted with a flame ionization detector and linked to a PC 
run by an HP Chemstation software. The oven temperature programme was initially 
65°C and then rose to 300°C at 10°C/min where it was held for 20 min. The
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temperatures o f the injection and detector ports were 325°C and 350°C, respectively. 
The flow rate o f the carrier gas (N2) was 33.4ml/min. and that o f the makeup gas 
(N2) was 24ml/min Identification o f the different n-alkanes used as markers and 
those needed for intake estimation was made based on the relative retention times of 
known standards. The ratio o f the peak areas o f the analysed n-alkanes to that o f the 
internal standard (C34) was used to calculate n-alkane amounts in the samples.
Model choice and description
Passage rates
The two-compartment model with gamma-2 age dependency and gam m a-1 age 
independence, abbreviated G 2-»G 1—»0 or G2G1, described by Ellis et al. (1994) was 
fitted to the data using Genstat 5 (Lawes Agricultural Trust. 1998) statistical 
package. This model was chosen because it seems consistent with currently held 
views that with time digesta particles in the rumen undergo physical changes like 
size reduction and density increase before their probability o f flow from the rumen 
increases (Poncet, 1991).
The assignment o f physiological processes or anatomical parts to components o f the 
model was as described in the materials and methods section o f Chapter 4 o f this 
manuscript. Briefly, mean retention time in the fast compartment (M RTi) was 
assumed to be largely accounted for by processes like comminution, hydration and 
microbial colonisation, which feed particles undergo when they first enter the rumen, 
with the rest o f M R T 1 can be accounted for by post-duodenal mixing segment o f the 
gut. Mean retention time in the slow turnover compartment (M RT2) would be
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descriptive o f the residence time o f small and dense (owing to rumination and 
fermentation) in "competition" to leave the reticulorumen (Ellis, 1994). Mean 
retention time in the whole tract would be the sum o f the retention times in the fast 
and slow turnover compartments and time delay (lag), the length o f  time it took for 
the marker to first appear in the faeces. Lag was envisaged to account for the 
movement o f digesta in the non-mixing tubular sections o f the digestive tract, as 
proposed by Pond et al. (1988).
Digesta entering the rumen is envisaged to be a continuum o f particles from very fine 
to very large, which are conveniently represented in the flow diagram by the small 
and large buoyant particle pools (Figure 1, Chapter 5). With passage o f  time, the 
large buoyant particles may undergo hydration and fermentation, which will increase 
their buoyancy, but despite this their probability o f escape will still not be very high 
until they have also undergone comminution to a size small enough to promote their 
passage. Alternatively, they will be comminuted (via ruminative chewing) whilst still 
buoyant, which will still not guarantee the highest probability o f escape until they 
have reached, through hydration, a certain density threshold.
Therefore, according to Figure 1 o f Chapter 5, the large, buoyant particle pool (LB) 
would have the longest mean retention time and the small, buoyant pool (SD) would 
have the shortest mean retention in the reticulorumen and in the whole tract. The 
intermediate pools, the large, low buoyancy (LD) and small, buoyant (SB), would 
have intermediate retention times in the reticulorumen and the whole tract.
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Differences in the derived mean retention times for the 4 particle fractions would be 
used to validate the hypothesis conceptualised in Figure 1 o f Chapter 5.
Data analyses
Passage rates
The generated fast rate parameter (k), slow rate parameter (K 2) and time delay (Lag) 
for each o f  the four particle pools were used to calculate mean retention times o f the 
four particle pools in the fast and slow turnover compartments and in the entire 
gastrointestinal tract. M ean retention time in the fast turnover compartment (MRTi) 
was calculated as 2/k; mean retention time in the slow turnover compartment 
(M RT2) was calculated as I/K 2 ; mean retention time in the total gastrointestinal tract 
(M RTj) was calculated as MRTi + MRT2 + Lag. MRTi, M RT 2 and M RTt  o f the 
four particle pools were compared by analysis o f variance (ANOVA) procedure 
using the statistical package Genstat 5 (Lawes Agricultural Trust. 1998). The data 
were analysed as a split-plot design, with cattle as the main plots and particle pools 
within the animals as the subplots.
Intake
Dry matter intake for each animal was estimated from the concentrations o f n- 
alkanes (C36 and C35) in the faeces and the consumed feed according to the method 
described by Mayes et al. (1986). The derived intake data were analysed as a
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completely random design and intake between groups were compared by ANOVA 
using Genstat 5 (Lawes Agricultural Trust. 1998).
Results
Influence o f particle size
The mean retention times o f large and small particles in the fast turnover 
compartment (M RTi) for each o f the five cattle groups are presented in Table 1. 
Across all the groups (sizes and breeds) large particles were held longer (pO.OOl) 
than small particles in the fast turnover compartment. There was however no 
detected influence o f either animal breed or animal size.
Table 1. Comparison o f fast turnover compartment mean retention time (M RTi, h) 
o f large and small particles for each cattle group.
Particle size ‘Animal Group SED
l 1 2 11 T̂TT 4lv 51V
Large 1 1 . 8 11.50 9.75 12.30 11.48
2.008
Small 8.05 6 . 0 2 5.00 7 h 7.86
Groups 1-4 are Criollo and Group 5 are Holstein x Criollo. To compare between 
breeds take average o f Groups 1-4 and compare with group 5 using SED in table and
25 d.f.
NVAnimal size; for comparing means within the same size, take average o f groups 4 
and 5 and use SED=1.395 with d.f.=45. Otherwise use SED in table and 25 d.f.
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The mean retention time o f the small particles in the slow turnover compartment 
were on average shorter (p<0.001) than those o f the large particles. However, there 
was no significant difference in the retention times o f the large and small particles in 
the slow turnover compartment o f size II (Table 2). There were no significant 
interactions o f animal size and particle size and o f breed and particle size evident 
from the data.
Table 2. Comparison o f slow turnover compartment mean retention time (M RT2 , h) 
o f large and small particles for each cattle group.
Particle size ‘Animal Group SED
' l 1 .... 2 " 3111 41V 51V
Large 29.71 28.51 27.08 29.10 31.88
4.340
Small 25.11 24.97 22.77 23.57 25.40
Groups 1-4 are Criollo and Group 5 are Holstein x Criollo; to compare between 
breeds take average o f groups 1 -4 and compare with group 5 using SED in table and
19 d.f.
' 'lvAnimal size; for comparing means within the same size, take average o f groups 4 
and 5 and use SED=2.081 with d.f. =45. Otherwise use SED in table and 19 d.f.
In Table 3 the comparison o f mean retention times o f the large and small particle 
pools in the whole gastrointestinal tract is given. There was a significant (p<0.001)
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particle size effect on MRTx, such that on average the large particles were retained 
for over 8.5 h longer than the small particles in the whole tract. There was however 
no detectable influence o f animal breed or animal size on the mean retention time of 
the particles in the whole tract.
Table 3. Comparison o f whole tract mean retention time (MRTx, h) o f large and 
small particles for each cattle group.
Particle size 'Animal Group SED
l 1 2 “ 3“' 41V 51V
Large 54.07 49.99 50.01 54.10 56.72
4.617
Small 45.91 41.39 42.72 44 5 0 47.08
Groups 1-4 are Criollo and Group 5 are Holstein x Criollo; to compare between 
animal breeds take average o f groups 1-4 and compare with group 5 using SED in 
table and 16 d.f.
’' IV Animal size; for comparing means within the same size, take average o f groups 4 
and 5 and use SED=1.570 with d.f. =45. Otherwise use SED in table and 16 d.f.
Particle buoyancy
Table 4 shows the comparison o f the mean retention time o f buoyant and non- 
buoyant particles in the fast turnover compartment (MRTi) for each cattle group.
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There was no significant difference in the mean retention time o f the buoyant and 
non-buoyant particle fractions in the fast turnover compartment. The non-significant 
animal size and buoyancy and animal breed and buoyancy interactions indicated no 
evidence o f  breed and size effects in the retention o f buoyant and non-buoyant 
particles in the fast turnover compartment.
Table 4. Comparison o f the fast turnover compartment mean retention time (MRTi, 
h) o f buoyant and non-buoyant particles for each cattle group.
Particle 'Animal Group SED
buoyancy T 2 “ 3 '“ 4,v -  5iv
Buoyant 9.61 8.42 6.89 7.86 10.05
2.008
Non-buoyant 10.33 9.10 7.86 u  54 9.29
Groups 1-4 are Criollo and Group 5 are Holstein x Criollo; to compare between 
animal breeds take average o f groups 1-4 and compare with group 5 using SED in
table and 25 d.f.
wv Animal size; for comparing means within the same size, take average o f groups 4 
and 5 and use SED=1.395 with d.f. =45. Otherwise, use SED in table with 25 d.f.
There was no significant effect o f buoyancy on the mean retention times o f the 
particles in the slow turnover compartment (Table 5). Likewise, there were no 
noticeable effects o f animal size and breed on the retention o f the buoyant and non-
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buoyant particle pools as shown by the non-significance o f buoyancy with animal 
size and buoyancy with animal breed interactions.
Table 5. Comparison o f the slow turnover compartment mean retention time (M RT2 , 
h) o f buoyant and non-buoyant particles for each cattle group.
Particle ‘Animal Group SED
buoyancy l 1 2 “ 3111 4iv 51V
Buoyant 26.12 25.24 24.75 27.68 26.70
4.340
Non-buoyant 28.70 28.24 25.09 24.99 30.58
‘Groups 1-4 are Criollo and Group 5 are Holstein x Criollo; to compare between 
breeds take average o f  groups 1-4 and compare with group 5 using SED in table with
19 d.f.
’"lvAnimal size; for comparing means within the same size, take average o f groups 4 
and 5 and use SED=2.081 with d.f. =45. Otherwise, use SED in table with 19 d.f.
Table 6  lists the mean retention times o f buoyant and non-buoyant particles in the 
whole gastrointestinal tract. The non-buoyant particles were retained on average 2 h 
longer (p<0.05) than their buoyant counterparts. However, there were no significant 
differences in MRTy o f the buoyant and non-buoyant particle pools for animal sizes 
1, 3 and 4. There were however no significant buoyancy and animal size or buoyancy 
and animal breed interactions detected.
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Table 6 . Comparison o f whole tract mean retention time (M RTj, h) o f buoyant and 




" l 1 2 “ 31» 4 51V




51.33 47.52 46.84 49.12 53.59
‘Groups 1-4 are Criollo and Group 5 are Holstein x Criollo; to compare between 
breeds take average o f groups 1-4 and compare with group 5 using SED in table and
16 d.f.
l lvAnimal size; for comparing means within the same size, take average o f groups 4 
and 5 and use SED=1.570 with d.f. =45. Otherwise, use SED in table with 16 d.f.
Intake and gutfill
Gutfill estimates (dose/initial marker concentration), which were also corrected for 
alkane losses in the gastrointestinal tract using the recovery rates o f C2 6 , C28 , C30 and 
C32 published by Mayes et al. (1988), [the recovery rate for C26 and C30 were 
obtained by interpolation] differed when model parameters for each o f  the four 
particle pools were used (Table 7). This is probably due to the different initial marker 
concentration estimates derived by fitting the G1G2 to the faecal excretion curves.
The results o f the comparison o f dry matter intake, gutfill and gutfill as a percentage 
o f body weight between the five cattle groups, the four sizes o f Criollo (groups 1 to
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4) and the mature Criollo and Holstein cross (group 5) are presented in Table 7. As 
expected dry matter intake increased with animal size from group 1 to group 4, but 
there was no significant difference between the fully grown pure-bred Criollo and 
crossbred bulls, although the crossbred, which weighed on average more than the 
pure bred Criollos, consumed numerically slightly more dry matter than the their 
pure-bred counterparts.
Gutfill, regardless o f particle pool parameters used, followed the same pattern as 
intake and increased with animal size within the Criollo breed, but there was no 
significant difference between the crossbred and the pure-bred bulls. The numerical 
dry matter intake advantage o f the crossbred was also reflected in its numerically 
higher gutfill content. Although the parameters o f the four particle pools yielded 
different gutfill estimates from one another for the same animal group, they all gave 
gutfill estimates that increased with increasing animals size and reflected no 
significant difference between the mature Criollo and Criollo and Holstein cross. The 
parameters o f the LB pool yielded the highest estimates while those o f  the SD pool 
gave the lowest estimates, with those o f the SB and LD giving estimates that were 
closer together and closer to those yielded by using the parameters o f SD.
Gutfill expressed as a percentage o f animal body weight was largely not significantly 
different across all animal sizes within the Criollo breed and between the Criollo and 
the Criollo and Holstein cross, regardless o f particle pool param eter used. However 
for group 1 the SB particle pool parameters yielded gutfill expressed as a percentage 
o f animal weight that was significantly lower (p<0.05) than that for group 2, but not
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significantly different from the rest o f the other groups, including the crossbred bulls. 
Gutfill expressed as a percentage o f body weight for group 2 was significantly higher 
than that for group 1, but was not significantly different from that o f groups 3, 4 and 
5.
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Table 7. Comparison o f dry matter intake, gutfilf and gutfilf as a percentage o f body 





W eight (kg) 8 8 a 146b 310° 446d 438d 15.5 (15)
Intake (g DM) 1 1 0 2 a 2165b 5784c 6877d 6916d 340.3 (15)
LB 993a 1946b 373 8 ° 5001d 493 l d
SB 473a 1171b 2172° 2632d 2823d
Gutfill (g DM) 336.6 (41)
LD 415a 975b 1931c 244 l d 2841d
SD 359a 871b 1655° 1944d 2108d
LB 1.15a 1.33a 1 .2 1 a 1 . 1 2 a 1.13a
Gutfill as % o f SB 0.54a 0.79b 0 .71ab 0.59ab 0.65ab
0.118(31)
body weight LD 0.48a 0.67a 0.63a 0.55a 0 .6 6 a
SD 0.41a 0.59a 0.54a 0.44a 0.49a
kgroups 1 to 4 are pure bred Criollo and group 5 are Criollo X Holstein cross 
LB, SB, LD and SD are, respectively, large buoyant, small buoyant, large dense and 
small dense particle pools





The results o f the experiment presented here suggest that the large particles were 
retained longer than small particles in the fast turnover compartment (Table 1). This 
is in agreement with the general contention that large particles have a lower 
probability o f leaving the reticulorumen than small particles (Kaske and Engelhardt, 
1990; Welch, 1982; Kennedy, 1995; Illius and Gordon, 1991). The results are also in 
support o f the proposed conceptual model (Chapter 5, Figure 1) that in the rumen 
there are time-dependent processes to which ingested feed residues are subjected to 
progressively obtain the requisite physical properties, including size reduction, for 
escape from the rumen through the reticulo-omasal orifice (W ylie et al., 2000). 
Therefore the difference in MRTi between the large and small particle pools can be 
attributed to mainly the time it took to comminute the large particles to the size o f the 
small particles.
Lalles et al. (1991) also fitted the G1G2 model used in the present study to faecal 
data o f early-weaned calves dosed with two small particle fractions, ytterbium- 
labelled indigestible residues from hay and cerium-labelled indigestible residues 
from a concentrate. They obtained MRTi (which they called M RT2) o f 8 . 6  h for the 
ytterbium-labelled indigestible residues and 7.5 h for the cerium-labelled indigestible 
residues. The MRTi estimates o f both indigestible residues are longer than the 
average MRTi o f 6.81 h for the small particles found in this study. However, the 
MRTi average o f 6.81 h reflects retention times o f both fermented and non­
fermented particles, and when only the fermented particles, which are comparable to
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the indigestible residues, are taken into account the MRT1 o f small particles is 7.63 
h, which is comparable to the estimates reported by the above workers.
Mean retention time in the fast turnover compartment did not seem to be influenced 
by animal size or breed (Table 1). These results can be interpreted to mean that the 
time-dependent processes to which ingested feed residues are subjected in the rumen 
to progressively obtain the requisite physical properties for escape from the rumen 
was similar in length for the cattle sizes and genotypes used in this study. It may be 
argued the wetting o f feed residues and their colonisation by microbes in the rumen, 
processes that indirectly contribute to particle size reduction, may take place at 
similar speeds irrespective o f animal size. However, chewing efficiency and thus size 
reduction efficiency was expected to favour the more mature animals, but this 
difference in chewing efficiency was probably masked by the difference in the feed 
quantities the animals consumed. In other words, even though the younger bulls may 
not have been as efficient as their more mature counterparts in reducing the particle 
size o f ingested feed residues, they did not eat as much and therefore did not process 
as much as the older bulls, which may have not have shown the superior chewing 
efficiency o f the older bulls.
The mean retention times o f the large particles reported here are 7.5 h shorter than 
that indicated by Ellis et al. (1994) who used the G1G2 model to estimate MRTj in a 
steer fed bermudagrass hay. The difference between the results o f  this study and 
those reported by Ellis et al. (1994) could be attributed to the differential passage 
rates expected o f diets with different physical and chemical compositions because the
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size and duration o f the raft that forms in the rumen are influenced by feed type (Ehle 
and Stern, 1984; Faichney, 1993). On the one hand, the sub-tropical bermudagrass 
hay promoted the formation o f a large digesta raft that could have trapped particle 
and thus slowed down their rate o f passage. On the other hand, the cattle used in this 
experiment grazed a Brachiaria decumbens sward and therefore the rafts formed in 
their rumens were probably not as large as the raft that formed in the steer fed on 
hay, which Ellis et al. (1994) found to constitute approximately 90% o f the mass of 
digesta in the rumen. By contrast, Pasha et al. (1994) observed a 7 h longer mean 
particulate retention time for high moisture forage than for hay in sheep.
The mean retention time o f the small particles in the slow turnover compartment was 
on average shorter than that o f the large particles (Table 2). Such results are in 
contradiction o f the proposed model assumption that in this com partment all feed 
particles have been reduced to a size small enough escape through the reticulo- 
omasal orifice and therefore the mean retention time o f the particle fractions labelled 
large and small should be similar. In the slow turnover com partment the escape of 
particles follows the pattern o f slow turnover dilution and the chances o f escape for 
all particles in this compartment are equal (Ellis et al., 1994). It should however be 
taken into consideration that although the slow turnover compartment and the fast 
turnover compartment are modelled as two entities they are physically not separate 
but represent two steps to which feed residues are subjected in the reticulorumen 
during the digestion process. Also, the physical separation o f these two 
compartments is influenced by diet and interval between meals (Ellis et al., 1994).
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Sutherland (1988) identified interactions between mixing actions caused by rumen 
motility and unmixing actions o f forage particles, processes that help to modulate the 
escape from or retention in the rumen o f particles. This highlights the complexity of 
the rumen and that other factors besides particle size may have been involved in the 
sorting mechanisms. For instance, it is possible that the entrapment o f the large 
particle fraction in the raft that formed within the rumen was so pronounced that by 
the time the large particles had attained eligibility for escape appreciable amounts of 
the small fraction (which because o f size was trapped to a lesser extent) had escaped 
out o f the rumen. Kennedy and Doyle (1993) suggested that there is very little 
entrapment o f small particles in the rumen raft. Furthermore, large particles because 
o f greater rate o f production o f fermentation and their shape which requires less gas 
per unit o f digesta to remain buoyant (Sutherland, 1988) may have remained much 
longer than the small particles in the rumination pool. In such circumstances size 
differences within the first (fast turnover) compartment would influence the course of 
events and not clearly reveal the reduced or eliminated size difference in the second 
compartment in terms o f mean retention time. Kennedy and Doyle (1993) postulated 
that separation o f particles from the rumen raft would be more difficult if  the raft was 
formed from the consumption o f tropical grasses, as was the case in this study, 
because o f their relatively rough surfaces. It has also been observed that the rates of 
escape o f eligible particles in terms o f size may vary widely (M urphy and Kennedy, 
1993).
However the results o f this study are consistent with the differential mean retention 
times o f large and small particles experienced in other studies, although most did not
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attempt to resolve the mean retention time in the rumen into time spent in a particle 
reduction pool (not immediately associated with escape) and time spent in a small 
particle pool eligible for escape. Welch and Smith (1978) showed that polypropylene 
ribbons o f 1.5, 1.0. 0.5 cm in length passed through the reticulo-omasal orifice of 
cattle in larger quantities than those o f 2 cm in length. Kennedy (1995) reported an 
inverse curvilinear relationship between particle ranging in size from 50 to 4750 pm 
and rate o f  passage from the reticulorumen o f swamp buffaloes and cattle fed on rice 
straw and various energy and protein supplements.
The mean retention times in the slow turnover compartment o f  29.25 and 24.37 h for 
the large and small particles, respectively, reported here are comparable to the 
estimate o f  27 h for ytterbium-labelled indigestible hay residues found by Lallés et 
al. (1991). The MRTb o f the small particle fraction used in this study and in the study 
conducted by L allés et al. (1991) are not expected to differ much as they were 
similar in size. However, the different particle preparation processes and the different 
diets used in the two experiments were probably responsible for the discrepancy.
Longer mean retention time o f large particles compared to small in the whole 
gastrointestinal o f ruminants has been reported by several investigators with nylon 
particles (Kaske and Engelhardt, 1990; Kaske et al., 1992)) and hay (Bernard et al., 
1998). Murphy et al. (1989) observed higher rumination and lower passage rates for 
long plastic particles, particularly those longer than 5mm, compared to short particles 
in swamp buffaloes and cattle fed mainly on a rice straw diet. The results o f this 
experiment that particles ground to pass a 6  mm screen were retained longer than
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those ground through a 1mm support those findings. The difference in the passage 
rates and thus mean retention times o f large and small particles is due to the extra 
time needed to comminute large particles to small particles, but the rate at which this 
reduction is done can be influenced by particle physical properties (Kennedy and 
Doyle, 1993). This view and the result o f a longer mean retention time o f the large 
particle fraction in the whole tract are in concurrence with the model proposal 
outlined in Chapter 4 o f this manuscript that large particles have to be reduced to a 
certain degree o f fineness before they can pass through the gut in relatively large 
quantities.
Buoyancy
Although there seems to be a general consensus among researchers that digesta 
particles have to be reduced in size to be able to flow out o f the reticulorum en into 
the post-ruminal tract, size reduction on its own does not guarantee passage through 
the reticulo-omasal orifice. Welch (1982) reported that more than half the dry matter 
in the rumen o f hay-fed steers could pass a 600 pm  sieve, but could not be cleared 
rapidly from the rumen. Data from experiments with cattle (Evans et al., 1973) and 
sheep and cattle (Poppi et al., 1981) have shown that most o f the particulate matter in 
the reticulorumen was smaller than the reticulo-omasal orifice and that the reticulo- 
omasal orifice seemed large enough to accommodate particles larger than the ones 
found in the faeces o f ruminants (Kennedy and Doyle, 1993; McBride et al., 1984). 
Thus there seems to be another characteristic or mechanism, in addition to size, by 
which particles are sorted in the reticulorumen for onward flow.
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Studies with plastic particles have indicated that density is involved in particle 
selection and that particles o f density o f about 1.2 g/ml (King and Moore, 1957; 
desBordes and Welch, 1984) or 1.34 g/ml (Murphy et al., 1989) have the shortest 
mean retention time in the rumen and in the gut. The results o f this experiment 
however did not indicate a significant effect o f buoyancy in the slow and fast 
turnover compartments. Such results were unexpected as some particles were 
prefermented in rumen liquor to increase their density and thus their rate o f passage 
from the rumen. However, lack o f evidence o f the influence o f density on passage 
has been reported by others. For instance, Kennedy (1995) could not establish a 
connection between the specific gravity o f particles, measured as particle 
sedimentation rate in the reticulum, and their probability o f passage from the rumen. 
Neel et al. (1995) increased the specific gravity o f dried forages by reconstituting 
with water, but this did not increase the rate o f  passage o f their digesta from the 
rumen o f crossbred steers; reconstitution decreased the passage rates for timothy hay 
and had no demonstrable effect on the rates o f passage o f alfalfa.
The effect o f buoyancy was demonstrated on the particle mean retention times in the 
whole gastrointestinal tract in that the non-buoyant particles were retained longer 
than the buoyant particles. However, buoyancy as envisaged in the conceptual model 
o f this study was expected to display the opposite o f the effect suggested by the 
results o f this study, i.e. the fermented particles were expected to have a shorter 
MRTy than the non-fermented particles. These results are difficult to explain in terms 
o f difference in specific gravity between the fermented and the non-fermented 
fractions because the specific gravities o f the two particle fractions were not
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measured. However, other experimental findings would suggest that they may have 
reached a maximum specific gravity o f about 1.4g/ml (Hooper and Welch, 1985) or
1.5 g/ml (Evans et al., 1973) in rumen liquor. The rate at which prefermented and 
non-fermented particles rehydrated, which would influence their rate o f density 
increase, on entering the reticulorumen would have determined their rate o f passage 
from the gut. During preparation o f the particles, the prefermented particles tended to 
be fluffier, which suggested a higher bulk dry volume, than their non-fermented 
counterparts. Ehle and Stem (1984) stated that feedstuffs with a higher volume per 
unit mass have a lower rate o f passage than smaller bulk volume feedstuffs. This may 
at least partly explain the lower retention o f the non-fermented compared with 
fermented particles in the digestive tract.
Fermentation in rumen liquor should have depleted the digestible material in the non- 
buoyant fractions and therefore the buoyant and non-buoyant fractions should have 
been chemically dissimilar. The capacity o f forages to absorb water and increase in 
density is related to their chemical characteristics (Martz and Belyea, 1986). Forages 
with a high content o f structural material like cellulose and lignin are expected to 
hydrate slower than high quality forages (Martz and Belyea, 1986). It is therefore 
plausible that the fermented material used in this study resisted hydration and thus 
density increase because lignin, which has a low affinity for water, was the 
predominant material left in them after fermentation in rumen liquor. Consequently, 
the non-fermented fractions may have rehydrated, increased in density and passed 
faster than the fermented particles.
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Alternatively and as previously stated, the purpose o f incubating the non-buoyant 
pools in rumen liquor was to increase their specific gravity so as to facilitate their 
movement along the digestive tract. If this aim were indeed achieved, it would 
appear that the incubation increased their density beyond the optimum density range 
for passage such that on entering the reticulorumen they quickly sedimented to the 
reticulorumen floor, where their movement was retarded. Furthermore, fermentation- 
based buoyancy in the rumen was probably not maintained for long in the 
prefermented particles because they were depleted o f m ost fermentable 
carbohydrates during the prefermentation process, which would have speeded their 
sedimentation rate. The results o f Hooper and Welch (1985) and Evans et al. (1973) 
suggested that the functional specific gravity o f the fermented hay would not have 
reached much higher than 1.3 and 1.5. If  this was the case and their rate o f density 
increase was faster than those o f the non-fermented pool, they would not have 
benefited from fermentative buoyancy, which would have enabled them to be 
selected for ruminative chewing and deposition into a reticulorum en position 
favourable for onward passage. As previously stated, this effect (reduced ability to 
escape) would have been more pronounced on the large particle fraction.
There was no evidence o f the effect o f animal size on the mean retention times o f the 
particles in the fast turnover and slow turnover compartment and in the whole 
gastrointestinal tract from the collected data. This was unexpected as intake and 
digesta passage rates have been shown to be a function o f animal size, at least across 
species, in the intake prediction model o f Illius and Gordon (1991), which uses 
rumen kinetics integrating animal size and plant characteristics. However, the results
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o f this study are consistent with the findings o f Lalles et al. (1991) who measured 
mean retention times o f dietary residues in the stomach and the whole tract o f early- 
weaned dairy calves. They reported a mean retention time o f 46.5 h, using the G2G1 
model used in this study, for hay residues. This figure is slightly lower than, but of 
the same order as the average o f the mean retention times o f the buoyant and non- 
buoyant fractions (47.62 and 49.68 h, respectively) in the whole tract o f the cattle 
used here. It is also well within the range o f the lowest and highest mean retention 
times o f the particles o f all the cattle groups used here, which would suggest that 
mean retention times within the weight range used in this study are not influenced by 
animal size. This is in contrast to the observation made by Faichney (1993) who 
stated that reticulorumen mean retention time tends to be lower in young ruminants.
Intake and gutfill
The dry matter intake figures for groups 1 and 2, particularly group 1 may not reflect 
the true dry matter intake capacity for those bulls because, even though they were 
mainly grazing Brachiaria decumbens in a 2 ha plot away from their mothers, they 
were allowed to suckle for about lh  after milking in the morning and in the 
afternoon. There are limited data on dry matter intake by young bulls, but according 
to Ensminger and Olentine (1978) young bulls should get a feed allowance that is 
between 2 and 2.25% of their liveweight. The dry matter intake estimates for the 
group 1 bulls are lower than this recommendation, but do not include the amount of 
milk they consumed in the morning and afternoon after milking. Also, ruminants as 
young as those in groups 1 and 2  cannot consume large amounts o f grass, particularly 
tropical grasses which tend to be coarser than their temperate counterparts. Groups 3,
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4 and 5 consumed grass dry matter in excess o f 1.5% o f their weight, which is within 
the recommended allowance range o f between 1.5 and 3% o f body weight for mature 
bulls, depending on animal condition and individuality (Ensminger and Olentine, 
1978).
Gutfill increased significantly (p<0.05) with animal size, but not between the mature 
Criollo and Criollo and Holstein cross (Table 7). This increase was probably due to 
the dry matter intake increase, which also increased proportionately according to 
animal size. This trend is in agreement with the results o f Pond et al. (1984) who also 
reported a 67% postpartum gastrointestinal tract fill increase with intake compared to 
prepartum in ewes fed on Coastal bermudagrass pellets ad libitum. Pond et al. (1984) 
however used Co-EDTA to measure gutfill.
It is difficult to forward a reason for the different estimates for gutfill and gutfill 
expressed as a percentage o f body weight yielded derived by using parameters from 
the different particle pools. This is probably due to the different initial marker 
concentration estimates derived by fitting the G 1 G2  to the faecal excretion curves. 
Theoretically, where there is perfect and instantaneous mixing o f the introduced 
marker with resident digesta in the rumen, the initial marker concentration estimates 
should be similar regardless o f particle pool parameters used, provided the particle 
pool markers were introduced into the rumen at the same time or within a short space 
o f time, as was the case in this study. However, because the four particle pools were 
different in physical and chemical attributes (due to the different treatments to which 
they were subjected before coating with alkanes) their mixing capabilities would be
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expected to be different and would display varying degrees o f deviation from the 
ideal scenario o f perfect and instantaneous mixing.
Worrel et al. (1986) also reported different gastrointestinal tract fill estimates for 
forage particles differing in size from 850 to more than 1680 microns. The 
parameters from the smallest particle fraction (850 microns) yielded the lowest 
gastrointestinal tract fill expressed as a percentage o f body weight estimate, which 
was comparable to the estimates yielded by using the parameters from SB, SD, LD 
particle pools in this study for. The estimates derived from using the parameters of 
the LB are o f the same order o f magnitude as those o f the particle fraction greater 
than 1680 microns in the study reported by Worrell et al. (1986).
Conclusion
The large particle fraction had a longer retention time than the small particle fraction 
in the fast turnover compartment, in the slow turnover compartment and in the whole 
gastrointestinal tract is in support o f one aspects o f the proposed model that food 
particles have to be reduced to a small size in order to increase their rate o f passage 
out o f the rumen. However, the differential passage rates o f the small and large 
particles out o f the slow turnover compartment raises questions about the 
assumptions o f the model that particles in this compartment are eligible, in terms of
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size, for passage out o f the rumen and that their escape can be described by mass 
action competition for escape. If  the model assumptions held true in this experiment 
the mean retention times o f the large and small particles would have been similar 
because after reduction in the slow turnover compartment they would have had equal 
chances o f escape out o f the reticulorumen, unless the rate o f escape o f the small 
particles out o f the reticulorumen was slower than the rate o f reduction o f the large 
particles. Therefore on the bases o f size the experimental results did not lend 
credence to the assumptions o f the model in the slow turnover compartment, which 
points out the existence o f other forces which also play a role in the sorting o f 
particles for escape out o f or retention in the rumen.
Buoyancy, another physical factor that was proposed in the conceptual model and 
widely thought to be involved in the selective retention in or passage out o f the 
rumen could not be demonstrated by the results o f this experiment because there was 
no evidence o f  the involvement o f particle buoyancy in both the slow and fast 
turnover compartments. However, the dense particles were held longer than the 
buoyant particles in the whole gastrointestinal tract, which points to the possibility of 
buoyancy-employing particle sorting mechanism somewhere in the gastrointestinal 
tract. Therefore, although the conceptual model was proper in its assumption o f the 
involvement o f buoyancy in the passage o f particles through the gastrointestinal 
tract, the experimental results could not demonstrate it was solely the rumen.
The results o f the retention o f particles in animals o f the four different sizes and two 
genotypes lead to the conclusion that retention time in the rumen and the whole tract
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was not influenced by size or genotype. Gutfill expressed as a percentage o f body 
weight also did not change according to animal size or genotype. However, amount 
o f gutfill and intake increased with animal size, but showed no significant difference 





The main thrust o f this research effort was to evaluate the use o f alkanes as markers 
for estimating dry matter intake (DMI) and diet selection by ruminants in two 
studies. The first study, which was carried out indoors, sought to investigate the 
feasibility o f using alkanes to estimate DMI and botanical com position o f the 
consumed diet when animals are given diet mixtures, to assess the consequences of 
diurnal variation in alkane concentration in the gut on the accuracy o f the n-alkane 
technique and to test the efficacy o f dosing once daily, as opposed to twice daily, 
with an even-chain alkane. To that end, three experiments, 1, 2 and 3, were 
conducted. Experiment 1 used lambs at 30 and 45% o f projected mature weights to 
compare estimates derived from the n-alkane method with direct measurements o f a) 
grass dry matter intake when pelleted grass was offered alone, b) lucerne dry matter 
intake when pelleted lucerne was offered alone, and c) the proportion and dry matter 
intake o f lucerne and grass in selected diet when pelleted grass and pelleted lucerne 
were offered together as a choice. Experiment 2 was designed to investigate the 
diurnal pattern o f excretion o f the faecal n-alkane ratios o f tritriacontane (C33) to 
dotriacontane (C32) over a 24-h period when lambs were fed ad libitum  or a restricted 
amount o f feed. Experiment 3 sought to compare faecal alkane ratios o f C33 to C32 
between lambs dosed once daily and twice daily with e C32.
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The results o f experiment 1 generally indicated a close agreement between the 
observed and the estimated dry matter intake o f both lucerne and grass at 30 and 45% 
mature sizes when given singly, as evidenced by the fitted regression lines describing 
the relationships between the observed and estimated quantities not being 
significantly different from the lines o f equality [i.e. the slopes and the intercepts 
were not significantly different from one and zero, respectively (Table 3)].
However, at 30% mature size, for the lambs fed on grass only, dry matter intake was 
slightly overestimated and for those fed on lucerne and grass as a choice, the dry 
matter intake o f lucerne was underestimated by the alkane technique. The 
discrepancy between the observed and estimated figures at 30% mature size could be 
due to experimental error in the alkane technique or measurement error in the 
compilation o f the observed quantities. The observed intake amounts are also subject 
to a degree o f measurement error, which can influence the agreement between the 
observed and estimated values. Furthermore, at 30% mature size the lambs were still 
adapting to the experimental conditions and possibly some o f food recorded as 
consumed may include pellets that spilled through the slats o f the floor. A conclusion 
than can be drawn from the general agreement between the observed and the 
measured quantities is that the alkane technique can be used to estimate the dry 
matter intake o f some forages by ruminants. Another advantage o f the alkane 
technique over other methods o f estimating DMI is that it gives DMI estimates that 
reflect animal individuality, as opposed to using digestibility estimates based on in 
vitro digestibility or other animal which may have different digestion ability from 
that o f the animal whose intake is estimated. This attribute makes the method
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suitable for estimating intake for animals with different physiological status, like 
pregnant or lactating animals or during cold weather when the intake o f animals may 
be higher than that o f the animal used to estimate digestibility (Dove, et al., 2000; 
Young, 1983).
The diet composition estimate upon which subsequent estimates o f the quantities of 
individual components o f a mixed diet is derived from solving simultaneous 
equations. For the equations to be solvable, the number o f n-alkanes whose 
concentrations are used in the equations should ideally be equal to the number o f the 
individual components o f the diet, although a solution can be obtained by using one 
alkane less than the number o f diet components (Dove and Mayes, 1991). In most 
situations 4 or 5 alkanes can be used because others are found in such small 
quantities that it is difficult to detect them using the available chromatographic 
technology. Thus, no more diet components than the number o f detectable alkane 
concentrations can be resolved from a mixture, which means four or five diets, until 
highly sensitive equipment is available. In many situations ruminants utilise grazing 
or browsing material with a wider variety than the technique can resolve into 
components, which is a handicap o f the technique. Therefore another compound or 
compounds o f plants which can provide finger print identity for each plant species, 
which can be employed using the same principle o f solving simultaneous equations 
would increase the scope o f using simultaneous equations to estimate diet selection.
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Furthermore when the simultaneous equations method is used to resolve a diet with 
only two components, in which case the concentrations o f two n-alkanes should be 
chosen and used in the simultaneous equations, it is not always obvious which two to 
choose from several possibilities (Figure 6  o f chapter 3). Different diet selection 
estimates can be derived from different pairs o f  alkane concentrations used. 
Theoretically the technique would be unreliable in estimating diet selection when the 
alkane concentration patterns are not markedly different and the total alkane contents 
are not similar between the diets on offer.
The different estimates o f diet selection derived from using different recovery rates 
highlights the sensitivity o f the technique to changes in recovery rates. It is therefore 
imperative that recovery rates be determined experimentally for diet selection 
experiment, rather than relying on the use o f published figures. There is also a 
possibility that the percentage o f recovery o f alkanes is also subject to physiological 
status o f the animal like lactation, pregnancy and cold stress. Knowledge o f the 
extent o f individual variability in recovery rates would strengthen the technique.
The study also sought to investigate diurnal variation in the concentrations o f the 
dosed and natural alkane, C32 and C33, respectively, used in the formula for 
estimating dry matter intake because any significant diurnal variation would mean 
that dry matter intake estimates for the same animal would vary depending on the 
collection time o f the faecal samples. To the credit o f the alkane technique the ratio 
o f the concentration o f € 3 3 :0 3 2  in the faeces showed no appreciable diurnal variation 
irrespective o f whether the lambs were restricted or ad libitum  fed. Thus unbiased
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intake estimation can be made using faecal samples collected any time o f the day 
after a steady state had been established and feeding level would not influence the 
accuracy o f the estimate.
Dosing once daily, compared to twice daily, would have the practical advantage of 
reducing animal handling and minimising invasion. That would also increase 
grazing time and thus intake, especially in extensive grazing systems. However 
bigger within day variations in the ratios o f natural to dosed alkanes in the faeces 
when animals are dosed once daily than when they are dosed twice daily has been 
reported. Although the results o f this study could not conclusively prove the 
feasibility o f dosing once daily, there were no differences in the ratios o f the 
concentrations o f € 3 3 :0 3 2  between the two dosing strategies until the fifth day o f 
dosing (Table 4). A possible cause o f this difference may have been that some o f the 
lambs were dosed once daily were inadvertently fed on lucerne which has a lower 
concentration o f C33 than grass, which would affect ratios o f the concentrations of 
C3 3 :C3 2- For any meaningful conclusion to be drawn from a study comparing the two 
dosing strategies, the same diet should have been fed to all the lambs in both groups 
and this not having been the case in this study the efficacy o f dosing once daily could 
not be fairly evaluated.
Mayes et al (1986) compared the feasibility o f using different odd (dosed) and even 
(natural) alkane pair combinations and found that most pairings used slightly 
underestimated actual intake, except the C32 dosed-C33 natural alkane pair, which 
gave an estimate that equalled the measured intake. The pair o f C32 and C33 works
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w e ll for m ost tem perate grass sp ecies b ecause they have adequate quantities o f  C33, 
but tropical sp ecies  som etim es do not contain  enough quantities o f  C33 to m ake 
p airin g w ith  C32 a  feasib le  option. In som e situations C32 m ay be proh ib itive ly  
ex p e n sive  or u n availab le , as w as  the case w hen  the second study w a s  conducted. In 
such cases therefore a  need ex ists  to exp lore  other alkane pair com binations.
T he second study thus used the alkane p air o f  C36 and C35 as the dosed  and natural 
a lkanes, resp ective ly , to com pare the vo lu n tary  dry m atter intake o f  Brachiarici 
decumbens b y  d ry  and lactating C rio llo  co w s during the w et seaso n  and dry and 
lactating c o w s during the dry season  o f  B o liv ia . T h e ch oice o f  this a lkane pair w as 
based on the assu m ption  that they are ad jacent and therefore w o u ld  h ave  com parable 
reco ve ry  rates, a requirem ent fo r  accurate estim ation  o f  D M I b y  the alkane method. 
A  critic ism  fo r ch o osin g  C35 w ou ld  be that som etim es there are not enough quantities 
o f  it in tropical grass sp ecies and w ou ld  therefore be d ifficu lt  to q uan tify . C asso n  et 
al. ( 1990) cited  b y  L ared o  et al. ( 1991) recom m ended that the concentration  o f  the 
odd chain  alkane used in the m ethod be m ore than 50 m g/kg o f  herbage D M . T h is 
does not seem  to be a  v a lid  critic ism  fo r the study reported here b ecause the 
equipm ent used had no problem s w ith q uan tify in g the concentrations o f  C35 during 
the dry season  and during the w et season  w hen they dropped b e lo w  50m g/kg D M . 
T here is no reason  to doubt the accu racy  o f  the D M I estim ates on the ground o f  
inadequate am ounts o f  C35 because the sam e equipm ent w a s  used  to extract and 
q uan tify  herbage alkane concentration low er (lucerne C33 =  17.4 m g/kg D M ) than the 
suggested  m inim um  threshold o f  50m g/kg D M  and obtained intake estim ates w hich
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c lo se ly  agreed  w ith  the o b served  intake o f  sheep (see T ab le  1 o f  C h apter 3 o f  this 
m anuscript).
The alkane m ethod usin g the pair o f  C35 and C36 has helped to ach ieve  the aim  o f  the 
second study- to com pare vo lun tary  intake o f  Brachiaria decumbens b y dry and 
lactating co w s during the w et and the dry seasons. B e ca u se  there w a s  no parallel 
cross va lid atio n  experim ent o f  direct m easurem ents conducted w ith  study II, 
co n clu sive  c la im s o f  the accu racy  o f  using C36 and C35 cannot be m ade. M ore 
in vestigation s into the accu racy  o f  usin g C36 and C35 to estim ate intake are 
w arranted, w hich  should be valid ated  b y  direct m easurem ents. H o w e ver, it can be 
stated that the alkane p air com bination  can be used to estim ate D M I o f  tropical 
fo rag es by co w s w ith  at least reasonable accu racy , p articu larly  w hen  the ava ilab ility  
o f  other alkanes lik e  C32 is a problem .
Passage rates
T h e use o f  a lkan es as m arkers in p assage  rates studies has a num ber o f  ad van tages 
o ver som e o f  the m ost popular m arkers. F o r instance, the resu lts o f  the gas 
production experim ent carried  out at the beginning o f  the third study suggested  that 
alkanes can  be attached to fibre  particles w ithout altering the ferm entation 
characteristics o f  the fibre to w hich  they are attached. The sam e cannot be said  o f  
m ost other m arkers. C hrom ium  reduces d igestib ility  and in crease  the sp ecific  
g ra v ity  o f  the p artic les to w hich  it is attached. R are  earths can  also  reduce 
d igestib ility , depending on m ethod o f  attachm ent and can react w ith  proteins and
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carbohydrates, forming insoluble complexes which can move independently o f the 
material to which rare earths are attached. Another advantage about using alkanes as 
markers is that several types are available and several particle pools can be marked, 
dosed and their passage rates monitored at the same time.
Passage rates experiments, Studies III and IV, sought to validate a conceptual model 
(Figure 1 o f chapter 5) which proposed the involvement o f buoyancy and size in the 
rate o f passage o f particulate digesta from the rumen. The model proposed that 
eligibility o f digesta particles for passage out o f the rumen is a function o f the length 
o f time they have spent in the rumen because particle size reduction and density 
increase are time-dependent processes.
In study IV, four particle pools o f 2 sizes and 2 densities in a factorial manner were 
labelled with 4 different alkanes, dosed to sheep and their rates o f passage in the 
digestive tract were compared. Study IV sought to compare the rates o f  passage o f 
the four particle pools as used in study III in the gastrointestinal tracts o f four sizes 
and two genotypes o f cattle. The four particle pools were small and dense (SD), 
small and buoyant (SB), large and dense (LD) and large and buoyant (LB). 
Therefore, according to the proposed model, the smallest and densest particles (SD) 
would have the fastest and the largest and most buoyant (LB) the slowest rates of 
passage out o f the rumen in the digestive tract. The large, dense (LD) and the small, 
buoyant fractions (SB) would have somewhat intermediate rates o f passage.
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The results o f the two studies did not fully validate the proposed model: in support o f 
the model, while the small particles had a shorter retention time than the large ones 
in the rumen and in the whole tract, contrary to model prediction, the particles 
labelled dense had a longer retention time than the particles thought to be buoyant. 
That result brings out the involvement o f both particle size and particle buoyancy in 
the mechanism for sorting particles for passage out o f or retention in the rumen, but 
not in the manner proposed by the model. Incubating fibre particles in rumen liquor 
increases their density, but incubating them for as long as was done in these studies, 
may have made them too dense to readily migrate out o f the reticulorum en ahead o f 
the non-fermented particles. Therefore the long incubation made them denser than 
the optimum density range for passage out o f the rumen and their passage was 
retarded so much so that the non-fermented particles passed more rapidly out o f the 
rumen and in the whole tract.
The lesson learnt from the passage rates studies is that the specific gravities o f all 
four particle pools should have been measured before dosing to the animals to 
determine if  fermenting them for long indeed made them too dense for rapid passage 
out o f the rumen and would have made rate o f passage comparisons between the 
particle pools more convincing. Further research on particle kinetics in the digestive 
tract should include fermenting particles o f different size for different lengths o f time 
and quantifying their densities and extent o f digestion before measuring their rates o f 
passage. That would also provide quantitative support for relating digestion (and 
fermentation-based buoyancy), particle size and density to rates o f passage.
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One o f the objectives o f the fourth study was to investigate how intake-related 
attributes like rumen fill and passage rates o f particles change in relation to changes 
in body mass as animals grow and to determine if  these attributes would be different 
between animals o f different breeds. The similarity o f the retention time o f each o f 
the four particle pools in the cattle o f the four different sizes and two genotypes 
(pure-bred Criollo and Criollo/Holstein cross) lead to the conclusion that retention 
time in the rumen and the whole tract was not influenced by size or genotype. 
However, the two cattle breeds were not genetically distant and therefore it can be 
argued that they would have more common traits (including rates o f  passage) than 
animals that are genotypically dissimilar. More convincing evidence o f  similarity or 
otherwise o f rates o f passage could be derived from experiments making use of 
distantly related genetic stock like Bos taurus and Bos indicus. It would be 
interesting to find out if  the superiority o f tropical cattle breeds over their temperate 
counterparts in utilising poor quality tropical forages would have a basis o f a 
physiological adaptation mechanism o f digesta processing, like slower rates o f 
passage, that temperate breeds do not have.
Gutfill increased with animal size according to DMI, but showed no significant 
difference between the pure-bred Criollo and the Criollo and Holstein cross. Gutfill 
expressed as a percentage o f body weight also did not change according to animal 
size or genotype, which leads to the conclusion that gutfill remains a constant 
proportion o f body wait throughout the growth and development o f the animal. One 
flaw with this conclusion is that the gutfill content and gutfill content expressed as a 
percentage o f body weight were derived mathematically from the parameters
160
generated after fitting the G1G2 model to the faecal excretion data. Thus any 
inaccuracies or experimental errors in the fitting procedure and interpretation o f the 
generated parameters will be passed on to the gutfill estimates. Further research into 
changes in gutfill content and gutfill as a percentage o f body weight using more 
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Faecal concentrations (mg o f alkane/g o f faecal DM) o f each alkane used to mark 
particle pools dosed to the bulls. The listed data are for each bull used in the 
experiment and bulls were grouped into 5 groups o f 4 bulls according to weight. 






c32 (SD) c30(LD) c28 (SB) c26 (LB)
0 0.007084 0.002276 0 0
8 0 0 0.004614 0.004372
12
19 0.01555 0.007846 0.015185 0.007799
24 0.2066 0.120914 0.187103 0.063462
30 0.347271 0.212923 0.293381 0.129068
36 0.386818 0.252962 0.328399 0.176248
44 0.29005 0.211504 0.226177 0.126133
48 0.253957 0.20412 0.190656 0.136772
54 0.211374 0.202202 0.149123 0.121514
60 0.166444 0.165112 0.114197 0.100837
68 0.167657 0.170571 0.10613 0.102156
72 0.108037 0.113452 0.072665 0.066507
79 0.093537 0.114105 0.059884 0.062735
84 0.079406 0.08869 0.047342 0.053657
92 0.055022 0.074017 0.035114 0.038912
96 0.058732 0.057759 0.032605 0.037501
103 0.045665 0.049275 0.025118 0.032112
108 0.03503 0.04706 0.021207 0.026269
116 0.031598 0.035763 0.017566 0.021817
127 0.025304 0.025039 0.012959 0.017109
140 0.014725 0.012467 0.009349 0.009185
118-7 (weight 95kg)
c32 c30 c28 c26
0 0 0 0 0
9 0.003273 0.000821 0.00661 0.00374
13 0.044944 0.041867 0.043528 0.007799
20 0.189207 0.095597 0.177548 0.059894
25 0.268128 0.153321 0.244626 0.122863
31 0.241591 0.175261 0.204159 0.138391
37
45 0.179963 0.153529 0.134235 0.116944
49 0.174019 0.154558 0.129026 0.133453
55 0.135966 0.159358 0.103004 0.113873
61
69 0.085539 0.094483 0.062415 0.066594




80 0.049313 0.055199 0.03144 0.036204
85
93 0.038311 0.043503 0.021896 0.031738
97 0.041159 0.045847 0.019265 0.024979
104 0.031295 0.032721 0.015213 0.0157
109
116
128 0.017098 0.017313 0.009059 0.006881
141 0.007783 0.009759 0.00634 0.004622
136-7 (weight 90kg)
c32 c30 c28 c26
0 0 0 0 0
8.5 0.00047 0.000755 0.000367 0.0003
13 0.065983 0.070721 0.059142 0.044885
20 0.450177 0.465739 0.40354 0.240872
25 0.475058 0.495619 0.406056 0.27618
31 0.40011 0.436783 0.290783 0.214948
37 0.341626 0.386344 0.252155 0.204685
45 0.172651 0.213412 0.123043 0.114848
49 0.139284 0.183676 0.090511 0.108917
55 0.091241 0.129879 0.058983 0.071061
61 0.080763 0.111212 0.049733 0.059183
69 0.058167 0.08199 0.032819 0.051025
73 0.047789 0.068242 0.027395 0.037742
80 0.034462 0.046559 0.01697 0.023839
85 0.026621 0.035321 0.01284 0.015777
93 0.016944 0.023864 0.009088 0.012473
97 0.015373 0.021015 0.007112 0.010814
103
109 0.008294 0.011046 0.004893 0.005447
117 0.006872 0.008569 0.004407 0.005328
127 0.007268 0.007179 0.00224 0.002014
141 0.004892 0.004325 0.002385 0.000915
94-7 (weight 80kg)
c32 c30 c28 c26
0 0 0 0 0
9 0.000683 0.000674 0.010655 0.00024
13 0.022782 0.023567 0.059347 0.005174
20 0.201073 0.258308 0.265074 0.105208
25 0.280435 0.332018 0.302195 0.146943
31 0.228566 0.287673 0.229403 0.148813
37 0.22323 0.300335 0.205599 0.164463
45 0.17659 0.236324 0.14326 0.133262
49 0.146853 0.204907 0.11825 0.12038
55 0.105406 0.154817 0.08768 0.090871
61 0.106427 0.15816 0.081794 0.081843
69 0.097964 0.146716 0.067893 0.083978
176
73 0.071333 0.114809 0.055956 0.070047
80 0.062703 0.092532 0.043516 0.055712
85 0.052957 0.076546 0.034794 0.046108
93 0.035471 0.058112 0.027893 0.029527
97 0 0.002124 0.008816 0.004395
104 0.024339 0.035839 0.018938 0.020071
109 0.021533 0.031821 0.017411 0.017167
117 0.014485 0.023462 0.014715 0.014374
128 0.003996 0.013239 0.010427 0.007269
141 0.006395 0.011874 0.009694 0.006863
Group II
72-7 (weight 140kg)
c32 c30 c28 c26
0 0 0 0 0
8 0 0 0 0
12.5 0.016653 0.016432 0.026687 0.01622
19.5 0.170052 0.139252 0.182652 0.10934
24.5 0.16672 0.132987 0.162222 0.09439
30.5 0.121059 0.118026 0.103439 0.088593
36.5 0.10327 0.105541 0.083629 0.081888
44.5 0.072494 0.086791 0.05756 0.062138
48.5 0.059047 0.070941 0.038857 0.0478
54.5 0.048827 0.062287 0.03467 0.045206
60.5 0.033153 0.042887 0.020005 0.029992
68.5 0.012951 0.020337 0.010281 0.015955
72.5 0 0.007484 0.004457 0.008633
79.5 0.001645 0.007947 0.003869 0.006241
84.5 0.004127 0.006116 0.002833 0.003928
92.5 0 0.000718 0.001918 0.002861
96.5 0 0.001109 0.001197 0.003982
103.5 0 0 0.000624 0.000768
108.5 0 0.001425 0.001426 0.000877
116.5 0 0 0.001107 0.000357
127.5 0 0 0 0
140.5 0 0.000133 0.000327 0
74-7 (weight 155kg)
c32 c30 c28 c26
0 0 0 0 0
7.5 0.002514 0.010124 0.008068 0.005542
12 0.056746 0.040273 0.083781 0.034123
19 0.07244 0.050923 0.076716 0.067063
24 0.102295 0.12127 0.0929 0.061796
30 0.100591 0.10621 0.090268 0.070442
36 0.093258 0.113383 0.083835 0.077271
44 0.062146 0.079489 0.053585 0.054838
48 0.042532 0.059217 0.039707 0.040006
177
54 0.044531 0.062139 0.033441 0.03618
60 0.041411 0.051842 0.028305 0.038072
68 0.027799 0.041533 0.01909 0.021727
72 0.025057 0.047318 0.015274 0.01835
79 0.014852 0.026226 0.011755 0.013882
84 0.017613 0.024082 0.011821 0.012802
92 0.011959 0.020099 0.009796 0.012026
96 0.053338 0.067961 0.025189 0.032946
103 0.008945 0.015836 0.006507 0.008464
108 0.010203 0.017819 0.007772 0.007058
116 0.009106 0.01765 0 0.006516
127 0.002875 0.01076 0 0.004612
140 0.009884 0.014825 0 0.004895
90-7 (weight 140kg)
Hours c32 c30 c28 c26
0 0.001448 0.000992 0 7.35E-05
8 0 0 0 0
12.5 0.020522 0.007084 0.016838 0.002654
19.5 0.077136 0.031824 0.073161 0.02237
24.5 0.173064 0.086528 0.16609 0.059408
30.5 0.178237 0.14643 0.158723 0.117725
36.5 0.155358 0.134336 0.130038 0.100879
44.5 0.101109 0.107333 0.088357 0.080672
48.5 0.063028 0.088327 0.063536 0.065657
54.5 0.069078 0.091457 0.05395 0.055111
60.5
68.5 0.051041 0.067276 0.037163 0.040054
72.5 0.041418 0.06051 0.032347 0.033318
79.5 0.019804 0.036737 0.021099 0.024314
84.5 0.029183 0.040268 0.021455 0.021342
92.5 0.019663 0.029497 0.015847 0.017582
96.5 0.014709 0.02365 0.013909 0.012775
102.5 0.011208 0.023024 0.012494 0.01203
108.5 0.011989 0.016741 0.011169 0.007837
116.5 0.011229 0.015146 0.010303 0.007325
127.5 0.006844 0.026077 0.008493 0.004029
140.5 0.00459 0.005702 0.006761 0.002456
92-7 (weight 150kg)
Hours c32 c30 c28 c26
0 0.0035 0 0 0
9 0 0.004229 0.005152 8.32E-05
13 0.08778 0.049247 0.113924 0.023118
20 0.118805 0.088811 0.100798 0.050039
25 0.122929 0.100211 0.096598 0.053756
31 0.10742 0.107807 0.07052 0.064377
37 0.088007 0.124971 0.075529 0.094386
45 0.052418 0.070505 0.035354 0.046993
178
49 0.040924 0.044876 0.026965 0.031983
55 0.069545 0.088914 0.049241 0.055418
61 0.034438 0.057565 0.022588 0.036604
69 0.010429 0.026291 0.008959 0.017987
73 0.009139 0.019961 0.008292 0.016018
80 0.006621 0.016022 0.005933 0.013277
85 0.014997 0.022008 0.007347 0.013899
93 0.00687 0.015823 0.004261 0.011515
97 0.005452 0.011813 0.00459 0.008081
104 0.002651 0.00829 0.002883 0.007202
109 0.006271 0.009484 0.002992 0.005884
117 0.003669 0.004567 0.00216 0.005765
128 0.005977 0.005844 0.003758 0.004136
141 0.003014 0.002847 0.000974 0.002066
s c32
G roup III
849 (weight 300kg) 
c30 c28 c26
0 0 0 0 0
6 0.004151 0.002034 0.004687 0.002464
11.5 0.016581 0.006042 0.013411 0.008072
18.5 0.093832 0.056218 0.090795 0.04547
23.5 0.152788 0.125597 0.161663 0.098911
29.5 0.124465 0.107244 0.134117 0.084331
35.5 0.103142 0.120835 0.103818 0.102068
41.5 0.071354 0.097875 0.07054 0.095475
47.5 0.073649 0.085152 0.063798 0.072262
53.5 0.046738 0.064999 0.043472 0.057978
59.5 0.043349 0.055934 0.03715 0.049198
66.5 0.027717 0.040297 0.025592 0.037983
71.5 0.022123 0.033859 0.021521 0.032335
77.5 0.022858 0.031122 0.018896 0.026083
83.5 0.01182 0.019498 0.01234 0.017962
90.5 0.008897 0.014252 0.00961 0.015174
95.5 0.008934 0.014986 0.013295 0.017069
101.5 0.008663 0.013875 0.012382 0.013218
107.5 0.003678 0.00891 0.009976 0.012784
115.5 0.002163 0.00936 0.008074 0.010571
126.5 0.010088 0.009311 0.008451 0.009462
138.5 0.002206 0.005187 0 0.00852
850 (weight 325kg)
c32 c30 c28 c26
0 0 0.000335 0 0
6 7.25E-05 0 5.29E-05 0.000263
11.5 0.000424 0.00077 0.003874 0.001891
18.5 0.059399 0.04704 0.068413 0.030513
23.5 0.134784 0.09459 0.13203 0.070859
29.5 0.126392 0.113971 0.121502 0.101776
179
35.5 0.093628 0.100965 0.082825 0.07579
41.5 0.068079 0.084003 0.064861 0.060284
47.5 0.051123 0.062571 0.044359 0.043849
53.5 0.053888 0.060946 0.040436 0.042113
59.5 0.032714 0.05773 0.027409 0.032977
66.5 0.028069 0.040971 0.022371 0.028511
71.5 0.02025 0.034144 0.016354 0.023074
77.5 0.010081 0.020953 0.011128 0.016537
83.5 0.009936 0.017424 0.00812 0.010902
90.5 0.006676 0.014224 0.006537 0.012813
95.5 0.009639 0.015278 0.006164 0.00912
101.5 0.006356 0.01148 0.004528 0.006152
107.5 0.004326 0.009923 0.004254 0.005656
115.5 0 0.005918 0.001599 0.004134
126.5 0.006845 0.008206 0.00245 0.002143
138.5 0 0.003072 0.000651 0.001607
844 (weight 335kg)
Hours c32 c30 c28 c26
0 0.000416 0 0 0
6 0 0.000905 0 0
11.5 0 0.00052 0.014227 0.006184
18.5 0.037359 0.022094 0.057046 0.025639
23.5 0.123431 0.085502 0.150291 0.074723
29.5 0.182492 0.141545 0.171073 0.118268
35.5 0.127483 0.129483 0.129804 0.104334
41.5 0.110904 0.127311 0.102105 0.087953
47.5 0.087585 0.101675 0.088529 0.076305
53.5 0.056327 0.078187 0.061246 0.059623
59.5
66.5 0.035382 0.053337 0.036914 0.040892
71.5 0.02236 0.041275 0.028685 0.030121
77.5 0.013199 0.02494 0.021121 0.023294
83.5 0 0.010031 0.017497 0.015648
90.5 0 0.004939 0.014632 0.014231
95.5 0.002121 0.009677 0.013073 0.011882
101.5 0.00677 0.011616 0.014156 0.01735
107.5 0.010341 0.011547 0.013801 0.011024
115.5 0 0.004173 0.011915 0.008144
126.5 0 0.001356 0 0.006476
































29 0.131585 0.120077 0.114264 0.074842
35 0.106015 0.113325 0.087215 0.077789
41 0.084733 0.095555 0.067292 0.06449
47 0.085178 0.092972 0.06407 0.072466
53 0.039307 0.05439 0.032453 0.032266
59 0.049942 0.065088 0.036533 0.040228
66 0.059026 0.065039 0.024014 0.024075
71 0.030497 0.042453 0.020138 0.022886
77 0.017747 0.031198 0.01105 0.016196
83 0.012434 0.020719 0.007794 0.010546
90 0.007874 0.016097 0.005903 0.007683
95 0.005744 0.012035 0.003578 0.005646
101 0.009173 0.013707 0.003396 0.005165
107 0.002827 0.009468 0.001788 0.003318
115 0 0.001325 0 0
126 0.000859 0.011904 0.000568 0.001044
138 0 0.000846 0 0
Group IV
788 (weight 445kg)
Hours c32 c30 c28 c26
0 0.003562 0.002256 0.001678 0.000989
6 0 0 0 0
11.5 0.006084 0.001659 0.00505 0.002044
18.5 0.042806 0.031621 0.033903 0.014283
23.5 0.097044 0.052465 0.08993 0.042316
29.5 0.106428 0.087272 0.100099 0.077171
35.5 0.083224 0.079309 0.070427 0.052578
41.5 0.068419 0.069286 0.053978 0.045623
47.5 0.049431 0.058139 0.034327 0.031857
53.5 0.031492 0.042234 0.019597 0.020503
59.5 0.018269 0.025818 0.008535 0.020339
66.5 0.020177 0.025923 0.007556 0.009842
71.5 0.013902 0.017048 0.003657 0.006626
77.5 0.011976 0.013793 0.000686 0.003466
83.5 0.005558 0.007119 0 0
90.5 0.002566 0.004814 0 0
95.5 0.004229 0.004426 0 0
101.5 0 0 0 0
107.5 0.001083 0.000597 0 0
115.5 0.003652 0.001671 0 0
126.5 0.000307 0 0 0
138.5 0 0 0 0
810 (weight 455kg)
Hours c32 c30 c28 c26
0 0 0 0 0
6.5 0.001553 0.000944 0 0




19 0.109458 0.059944 0.128882 0.056526
24 0.128274 0.085686 0.129005 0.077765
30 0.095701 0.071269 0.101725 0.060047
36 0.101372 0.08649 0.098151 0.070236
42 0.064572 0.062086 0.062738 0.050598
48 0.060115 0.086945 0.058784 0.052418
54 0.042943 0.056819 0.049263 0.053113
60 0.021618 0.043329 0.034438 0.036239
67 0.021543 0.041427 0.029161 0.040513
72 0.017406 0.043428 0.026627 0.028666
78 0.024904 0.032992 0.026886 0.025684
84 0.017648 0.028231 0.021583 0.023368
91 0.011872 0.019086 0.017115 0.018423
96 0.013807 0.016309 0.017639 0.013722
102 0.015897 0.019683 0.01685 0.01632
108 0.004562 0.010429 0.01306 0.015186
116 0.005771 0.010949 0.012637 0.011235
127 0.001973 0.012291 0 0.008339
139 0 0.010381 0 0
796 (weight 470kg)
c32 c30 c28 c26
0 0.000754 0.00079 3.66E-05 0
5.5 0 0 0 0
11 0.008988 0.002026 0.009657 0
18 0.017574 0.009834 0.015386 0
23 0.093247 0.050938 0.088398 0.054518
29 0.102546 0.077249 0.088634 0.053043
35 0.092123 0.087669 0.081501 0.095095
41 0.066696 0.079084 0.056467 0.059417
47 0.074069 0.073511 0.056807 0.055864
53 0.043719 0.054196 0.037158 0.047684
59 0.031728 0.050136 0.02861 0.033258
66 0.009575 0.023176 0.016161 0.021979
71 0.030154 0.04422 0.021832 0.027182
77 0.000294 0.014989 0.009901 0.014319
83 0.015967 0.028837 0.014342 0.020349
90 0.004913 0.019442 0.006471 0.011843
95 0.011303 0.021083 0.009711 0.015125
101 0.005521 0.013533 0.006043 0.009956
107 0 0.00699 0.003654 0.00709
115 0.003888 0.00924 0.004197 0.007785
126 0 0.005742 0.002094 0.005358
138 0 0.002522 0.001087 0.003743
832 (weight 415kg)
c32 c30 c28 c26
0 0.000664 0.000459 0 0




12 0.002043 0.001964 0.012382 0
19 0.039742 0.028491 0.054133 0.02905
24 0.096416 0.056885 0.108038 0.064838
30 0.116693 0.071915 0.119883 0.073893
36 0.121245 0.079795 0.103212 0.076229
42 0.091586 0.071856 0.087131 0.060778
48 0.076586 0.070508 0.072394 0.070873
54 0.048352 0.062101 0.051307 0.044465
60 0.058717 0.057448 0.049719 0.040648
67 0.034429 0.04809 0.035102 0.031125
72 0.0357 0.038562 0.030921 0.030605
78 0.026423 0.03373 0.026182 0.024362
84 0.021225 0.028896 0.024063 0.021638
91 0.002747 0.011251 0.015868 0.013354
96 0.010857 0.015595 0.016523 0.015038
102 0.011581 0.017151 0.016564 0.014615
108 0.006782 0.012073 0.013001 0.017836
116 0.001427 0.007497 0.011482 0.008782
127 0 0.000989 0.009517 0.006986
139 0 0.002502 0.009097 0
Group V
25 (weight 416kg)
c32 c30 c28 c26
0 0 0 0 0.000122
7 0.000446 0.000122 0.000149 0
12 0.011941 0.006381 0.009537 0.004938
19 0.021341 0.011417 0.033669 0.01408
24 0.082496 0.056213 0.089608 0.052657
30 0.088928 0.080814 0.091602 0.073488
36 0.089531 0.089404 0.089868 0.073452
42 0.087567 0.076403 0.076884 0.06334
48 0.062519 0.067233 0.058729 0.046733
54 0.056182 0.055647 0.046507 0.043781
60 0.047099 0.054473 0.035898 0.034505
67 0.044685 0.050663 0.031702 0.030171
72 0.034837 0.041367 0.024504 0.02758
78 0.025228 0.032752 0.019047 0.02118
84 0.022229 0.024166 0.014195 0.015426
91 0.018363 0.024083 0.011297 0.01439
96 0.018451 0.022902 0.010786 0.011265
102 0.010307 0.018622 0.007118 0.010595
108 0.009806 0.013681 0.006356 0.012212
116 0.008036 0.011707 0.005107 0.006559
127 0.004137 0.005897 0.002531 0.003409
139 0.00295 0.004296 0.002498 0.004032
M2-6 (weight 403kg)
c32 c30 c28 c26
183
0
6 0 0 0 0
11 0.005174 0.002576 0.006364 0
18 0.038961 0.023806 0.043114 0.021309
23 0.110822 0.069539 0.114765 0.061538
29 0.105907 0.086802 0.111735 0.06709
35 0.090619 0.085466 0.087924 0.066645
41 0.076193 0.076365 0.06938 0.075282
47 0.068904 0.069824 0.057007 0.06086
53 0.038231 0.047974 0.038426 0.038159
59 0.032436 0.045467 0.032365 0.039148
66 0.021299 0.036596 0.023525 0.026589
71 0.026338 0.036533 0.024548 0.029703
77 0.024739 0.036635 0.020405 0.026442
83 0.000726 0.011475 0.009832 0.015719
90 0.01513 0.022089 0.01385 0.015778
95 0.008273 0.016715 0.00997 0.013781
101 0.005429 0.012466 0.008109 0.013153
107 0.006357 0.012475 0.00874 0.011023
115 0.001735 0.009986 0.007167 0.008991
126 0.003136 0.008274 0.006143 0.007715
138 0.000331 0.006365 0.005069 0.005799
M20-5 (weight 462kg) 
Hours c32 c30 c28 c26
0 0 0 0 0
6 0.002902 0.001127 0.00113 0.000368
12 0.042709 0.014338 0.030807 0.023044
19 0.119035 0.07564 0.110827 0.046873
24 0.139589 0.092472 0.127326 0.069108
30 0.115907 0.092534 0.105275 0.065817
36 0.088088 0.082767 0.074255 0.05923
42 0.078597 0.083322 0.071568 0.061953
48 0.070042 0.080642 0.054883 0.051412
54 0.048193 0.058986 0.036261 0.036147
60 0.037939 0.054376 0.030423 0.027034
67 0.032387 0.047246 0.023289 0.025614
72
78 0.014993 0.03525 0.010986 0.013928
84 0.020404 0.027566 0.010066 0.00974
91 0.010436 0.021079 0.00493 0.005465
96 0.00881 0.013374 0.00497 0.004575
102 0.01244 0.016858 0.004222 0.004269
108
116 0.002254 0.009197 0.001525 0.002239
127 0.005872 0.008149 0.002518 0
139 0.001272 0.00408 0.000154 0
M18-5 (weight 472kg)
184
Hours c32 c30 ic28 c26
0 0.000425 0.000153 0 0
6 0 0 4.77E-05 5.22E-05
11 0.004742 0.001987 0.001386 0.000536
18 0.033889 0.013105 0.037735 0.01736
23 0.054485 0.038078 0.054706 0.021028
29
35 0.093731 0.095914 0.085469 0.0641
41 0.081468 0.086018 0.071195 0.058302
47 0.064406 0.076534 0.055626 0.049401
53 0.050025 0.059519 0.041112 0.044084
59 0.019516 0.033541 0.022707 0.023753
66 0.025808 0.038189 0.02235 0.024222
71 0.023328 0.035831 0.019389 0.022218
77 0.019036 0.029599 0.016308 0.020887
83 0.015934 0.024743 0.010792 0.014092
90 0.009348 0.015749 0.007236 0.008496
95 0.008359 0.018817 0.015554 0.017036
101 0.006643 0.012554 0.012722 0.014473
107 0.003256 0.014405 0.011207 0.012396
115 0.0033 0.010604 0.011692 0.012508
126 0.001402 0.00736 0.010056 0.0105
138 0.004418 0.005108 0.003518 0.004846
185
